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(5)  INTRODUCTION 

Most  cancer  deaths  are  due  to  metastasis.  The  goal  of  this  grant  was  to  identify  metastasis-controlling 
genes  for  human  breast  cancer.  The  research  plan  was  based  upon  our  finding  that  microcell-mediated 
transfer  of  chromosome  1 1  into  MDA-MB-435  results  in  nearly  complete  suppression  of  metastasis 
without  suppressing  tumorigenicity.  Our  global  objectives  were:  (1)  to  identify  the  gene(s)  on 
chromosome  1 1  responsible  for  metastasis  suppression;  and  (2)  to  assess  whether  chromosome  1 1 
suppresses  metastasis  of  another  independently-derived  breast  cancer  cell  line.  Four  Specific  Aims  were 
proposed:  Specific  Aim  #1:  Map  the  gene(s)  responsible  for  suppressing  metastasis  of  MDA-MB-435  to 
within  5  Mb  by  using  MMCT  with  radiation-deletion  variants  of  chromosome  11.  Specific  Aim  #2: 

Stably  introduce  intact  neo-tagged  human  chromosome  1 1  into  MDA-MB-231  cells  by  MMCT.  Specific 
Aim  #3:  Identify  metastasis-associated  genes  in  neol  l/MDA-MB-435  cells  using  differential  display 
and/or  subtraction  hybridization.  Specific  Aim  #4:  Determine  whether  specific  genes  are  metastasis- 
suppressors  in  MDA-MB-435  and  MDA-MB-23 1  cells. 

(6)  BODY 

Background -VosiXionaX  cloning  has  been  used  to  identify  a  number  of  tumor-suppressor  genes  (e.g., 
WTl,  Rb,  FHIT)  and  genes  for  mutations  that  predispose  cancer  susceptibility  (e.g,  NFl,  APC) 

(reviewed  in  ').  As  mapping  nears  completion,  detection  of  mutations  among  cancer  families  confirms  a 
particular  gene’s  role  as  a  tumor  suppressor.  Since  mutations  are  relatively  rare,  equally  strong  evidence 
for  a  role  in  cancer  etiology  is  required.  Thus,  positional  cloning  is  reasonable  if  strong,  well- 
characterized  pedigrees  are  available.  However,  determining  roles  for  genes  in  sporadic  tumors  or 
progression-associated  genes  (e.g.,  metastasis-controlling)  has  been  difficult  because  of  tumor 
heterogeneity,  genetic  instability  and  the  huge  number  of  experiments  necessary  to  prove  causality.  This 
is  further  complicated  formultigenic,  complex  phenotypes,  like  metastasis.  Simply,  the  statistical 
likelihood  for  identifying  a  specific  gene  over  the  immense  background  of  genetic  instability  typical  of 
late-stage  tumors  is  difficult.  Thus,  alternative  approaches  were  required. 

MMCT  (microcell-mediated  chromosome  transfer)  has  provided  fimctional  evidence  for  tumor 
suppressor  genes  when  other  approaches  have  failed  The  functional  data  provided  the  necessary 
information  for  successful  mapping  of  the  genes  responsible  We  hypothesized  that  this  approach 

might  also  be  usefiil  for  identifying  metastasis  suppressor  genes. 

The  strategies  we  proposed  for  identifying  metastasis-controlling  genes  in  human  breast  cancer  were 
based  upon  those  we  used  to  identify  novel  metastasis-suppressor  genes  in  human  melanoma  At  the 
time  the  original  proposal  was  submitted,  we  had  obtained  preliminary  data  demonstrating  that 
introduction  of  an  intact  chromosome  1 1  significantly  suppressed  metastasis  of  the  hiunan  breast 
carcinoma  cell  line  MDA-MB-435.  This  result  was  confirmed  and  published  shortly  after  this  grant  was 
received 

The  ultimate  objective  of  the  proposed  studies  was  to  identify  the  gene(s)  responsible.  Two 
concurrent  approaches  were  outlined.  First,  progressively  smaller  fragments  of  neo-tagged  human 
chromosome  1 1  were  to  be  introduced  into  MDA-MB-435  by  MMCT.  By  evaluating  regions  of  overlap 
for  chromosomal  firagments  present/absent  in  suppressed/non-suppressed  hybrids,  the  location  of  the 
putative  metastasis-suppressor  gene(s)  would  be  defined.  The  second  approach  was  to  use  differential 
display  and/or  subtractive  hybridization  Once  candidate  genes  were  identified,  transfections  and 
testing  for  metastasis  in  appropriate  animal  models  would  confirm  that  a  bona  fide  metastasis-suppressor 
gene  had  been  cloned. 

The  second  major  objective  of  DAMD- 17- 1-96-6 152  was  to  demonstrate  that  the  introduction  of 
chromosome  1 1  (or  candidate  metastasis  suppressor  genes)  into  another  metastatic  human  breast 


DAMD-17-96-1-6152 
Page  6  of  20 _ 


WELCH,  Danny  R.,  Ph.D. 

Progress  Report  —  FINAL 

carcinoma  also  suppresses  metastasis. 

Results  -  We  were  successful  in  achieving  the  goals  outlined  in  this  grant.  Most  of  the  studies  have 
been  published;  so,  the  descriptions  outlined  below  will  be  abbreviated.  Only  one  objective  was  not 
achieved.  We  were  not  able  to  introduce  chromosome  1 1  into  another  human  breast  carcinoma  cell  line. 
The  reason  was  simple  -  imtil  the  last  year  of  the  grant,  we  were  not  able  to  obtain  another  metastatic 
cell  line.  We  obtained  several  cells  from  other  laboratories  which  were  reportedly  metastatic,  but  those 
variants  were  nonmetastatic  when  tested  in  our  laboratory.  Some  were  not  even  tumorigenic!  By  the  time 
we  validated  that  the  MDA-MB-23 1  cells  were  metastatic,  we  had  candidate  genes  in-hand.  So,  we  opted 
to  pursue  that  line  of  investigation  first.  Indeed,  we  found  that  the  candidate  gene  suppressed  metastasis 
of  both  human  breast  carcinoma  cell  lines.  By  inference,  then,  we  would  predict  that  introduction  of 
chromosome  1 1  would  likewise  lead  to  metastasis  suppression. 

Introduction  of  chromosome  11  suppresses  metastasis  of  human  breast  carcinoma  MDA-MB- 
435 

The  final  studies  for  this  initial  finding  were  completed  with  funds  from  this  grant.  USAMRMC 
funds  were  used  also  for  publication  costs.  This  work  was  done  in  collaboration  with  Dr.  Bernard 
Weissman  at  the  University  of  North  Carolina  -  Chapel  Hill,  in  conjimction  with  his  graduate 
student,  Karen  Phillips 

Role  of  Kail  in  human  breast  cancer  metastasis 

Just  prior  to  the  original  submission  of  this  grant.  Kail  was  discovered  as  a  prostate  metastasis 
suppressor  gene  in  rat  tumors  Based  upon  its  mapping  to  chromosome  1 1  in  humans,  we 
hypothesized  that  it  may  be  responsible  for  metastasis  suppression  in  the  neol  1/435  hybrids.  As 
a  first  study,  we  identified  Kail  as  a  marker  correlating  with  breast  cancer  metastasis  at  the 
mRNA  level  Rose  Yang  was  a  graduate  student  in  the  laboratory  of  Dr.  Lisa  Wei,  a  co¬ 
investigator  who  decided  to  move  prior  to  the  grant  funding. 

Subsequently,  we  transfected  Kail  into  MDA-MB-435  cells  and  demonstrated  metastasis 
suppression,  albeit  at  a  modest  level  This  was  the  first  report  that  Kail  could  suppress 
metastasis  in  human  cancer.  Subsequently,  others  have  shown  that  Kail  could  suppress 
metastasis  and  that  expression  levels  correlate  with  tumor  progression  toward  malignancy 

Introduction  of  chromosome  11  fragments  into  MDA-MB-435  cells 

One  of  our  planned  approaches  to  map/clone  the  gene(s)  on  human  chromosome  1 1  involved 
introduction  of  radiation  deletion  variants  We  labored  with  this  approach  for  several 

months,  but  abandoned  it  based  upon  two  technical  considerations  -  (1)  the  time  required  to 
define  the  deleted  regions  was  beyond  the  scope  of  this  proposal;  and  (2)  retrofitting  large- 
insert  vector  forms  (PI,  PAC,  BAC,  YAC  ...)  with  selectable  markers  did  not  work  as  well  as 
expected.  We  also  performed  some  studies  in  collaboration  with  Dr.  Jane  Fountain  from  the 
University  of  Southern  California  on  chromosome  1 1 -encoded  melanoma  tumor  suppressor  genes 
utilizing  this  approach.  Mice  have  been  injected  with  some  of  the  melanoma  cells  into  which  the 
chromosome  1 1  fragments  were  introduced,  but  we  have  decided  to  forego  this  approach  in  the 
melanoma  project  as  well. 

Protein  kinase  C-delta  promotes  metastasis  of  breast  and  mammary  tumors 

In  collaboration  with  Dr.  Susan  Jaken,  we  formd  (using  a  series  of  rat  mammary  adenocarcinoma 
cell  lines  which  I  had  developed  that  PKC6  activity  was  proportionate  to  metastatic 
potential.  To  test  whether  PKC8  was  responsible  for  controlling  metastasis,  cells  were 
transfected  with  a  constitutive  expression  vector  and  measured  for  tumorigenicity  and  metastasis 
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A  subsequent  study  was  done  using  dominant  negative  regulatory  domains  controlled  by  the 
tetracycline-inducible  expression  system  Both  studies  showed  increased  metastasis  when 
PKC8  was  overexpressed  and  activated. 

The  melanoma  metastasis  suppressor  gene,  KiSSl,  suppresses  MDA-MB-435  metastasis 

We  cloned  a  melanoma  metastasis  suppressor,  KiSSl,  which  maps  to  a  region  on  chromosome 
Iq  This  chromosomal  region  has  also  been  implicated  in  breast 
cancer  progression  This  led  to  the  hypothesis  that  KiSS  1 
expression  may  suppress  metastasis  of  human  breast  carcinomas  as 
well.  Transfection  of  KiSSl  into  MDA-MB-435  cells  resulted  in 
significant  suppression  of  metastasis  of  these  cells 

MEKl  induces  tumorigenicity  and  metastasis  of  NIH3T3 
cells 

Several  prior  studies  had  demonstrated  that  transfection  of 
constitutively  active  ras  into  untransformed  cells  could  confer 
tumorigenic  and  metastatic  phenotypes  In  collaboration 
with  Dr.  Alessandro  Alessandrini,  we  tested  that  hypothesis 
that  transfection  with  a  constitutively  active  downstream 
effector  of  ras,  MEKl,  could  similarly  confer  tumorigenic 
and  metastatic  capacity  upon  untransformed  cells. 

Transfection  of  constitutively  active  MEKl  indeed  resulted  in 
transformation  of  NIH3T3  cells  as  well  as  acquisition  of 
metastatic  potential 

Reviews 

Several  review  articles  and  position  papers  have  been 
published  during  the  time  frame  of  this  grant  Results 
from  the  studies  fimded  by  this  grant  were  instrumental  in  the 
conclusions  reported  therein.  Results  obtained  from  the 
research  supported  by  DAMD-17-96-1-6152  influenced  our 
opinions  about  suitability  of  tumor  progression  markers  and 
upon  the  steps  of  metastasis  impacted  by  metastasis 
suppressor  genes. 

Cloning  of  metastasis  suppressor  genes 

The  primary  objective  of  DAMD-17-96-1-6152  was  to 
identify  and  clone  a  human  breast  cancer  metastasis 
suppressor  gene.  Parallel  approaches  were  undertaken  with 
limited  success.  Prior  progress  reports  detail  the  trials  and 
tribulations  of  those  approaches.  Eventually,  differential 
display  was  used  to  clone  a  novel  human  gene,  designated 
BRMSl,  which  maps  to  chromosome  1  lql3  Details 
regarding  the  discovery  and  initial  characterization  of  BRMSl 
can  be  found  in  the  recently  published  paper.  A  mechanism  of  action  for  BRMSl  has  not  yet 
been  determined,  but  some  preliminary  data  has  been  obtained.  A  survey  of  multiple  metastasis- 
associated  phenotypes  using  in  vitro  assays  was  done  in  order  to  identify  the  step(s)  in  metastasis 
affected  by  BRMSl.  Except  for  a  modest  (30%)  decrease  in  motility  using  Boyden  chamber  and 
wound  healing  assays  the  cells  were  nearly  identical.  Invasiveness,  MMP  production. 


Table  1:  Differentially  expressed 
genes  in  neol  1/435  and  MDA  435 
cells  identified  by  cDNA  microarray 

Gene  Difference 

(fold) 


Higher  in  MDA  435  (Metastatic) 


Osteopontin 

14.4 

Ras-homolog 

(D78132) 

6.8 

Osteonectin 

6.1 

Calcyclin 

6.1 

Casein  kinase 

4.2 

Tenascin  C 

3.8 

Gelsolin 

3.6 

lAP 

3.2 

NMB 

2.2 

Profilin 

2.1 

Higher  in  neol  1/435 
(Nonmetastatic) 

al 

antichymotrypsin 

4.4 

PEDF 

4.2 

TSC-22 

3.5 

aB  crystallin 

3.2 

KAIl 

2.8 

Cathepsin  D 

2.0 
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adhesion  to  extracellular  matrix  components  and  in  vitro  growth  were  imaffected.  Interestingly, 
in  collaboration  with  Dr.  Henry  Donahue,  we  found  that  BRMSl  restores  homotypic  gap 
junctional  intercellular  communication  Studies  are  underway  to  extend  these  initial 
observations. 

Microarrays  allow  simultaneous  analysis  of  gene  expression  profiles  that  accompany  various 
disease  states  Therefore,  we  utilized  the  recently  developed  microarray  technologies 
(Affymetrix  oligonucleotide  and  Incyte  cDNA  microarrays)  to  compare  MDA  435  and 
neol  1/435  cells  (Table  1).  These  were  done  in  collaboration  with  Dr.  Graham  Casey  (Cleveland 
Clinic  Foundation).  A  limited  number  of  differences  >2-fold  were  observed,  but  most  were 
verified  in  replicate,  independently-performed  assays  as  well  as  by  quantitative  real-time  PCR 
and/or  Northern  blotting  Expression  of  only  one  known  gene,  osteopontin  (OPN),  differed  by 
more  than  10- fold.  Several  other  genes  were  identified  that  are  believed  to  be  either  positive 
(osteonectin  (OSN)  and  calcyclin)  or  negative  (Kail)  regulators  of  metastasis.  We  are  preparing 
a  manuscript  describing  these  results  and  have  begun  to  develop  follow-up  studies  for  which 
funding  will  be  applied. 

(7)  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Discovery  of  a  novel  human  breast  carcinoma  metastasis  suppressor  gene,  BRMS 1 

•  Demonstration  that  MEKl  is  an  oncogene  and  metastasis-promoting  gene 
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Update  on  the  genetics  of  cancer  metastasis.  Hematology/Oncology  Grand  Rounds,  Penn 
State  Geisinger  Health  System,  March  17 
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(9)  CONCLUSIONS 

Our  preliminary  data  indicated  the  presence  of  one  or  more  breast  carcinoma  metastasis  suppressor 
genes  on  human  chromosome  11.  The  goal  of  this  program  was  to  identify  and  begin  characterizing  the 
gene(s)  responsible.  Two  parallel  approaches  were  proposed  -  (1)  introduction  of  smaller  pieces  of 
chromosome  1 1  into  cells  with  assessment  of  metastatic  potential;  and  (2)  identification  of  differentially 
expressed  mRNA  in  metastasis  suppressed  cells.  Progress  using  Approach  #1  was  frustrating  and  not 
productive.  While  we  attempted  several  variations  on  the  approach,  none  were  successful. 
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Approach  #2  was  successful.  We  identified  three  novel  cDNAs  using  differential  display  which  are 
more  highly  expressed  in  the  metastasis  suppressed  neol  1/435  hybrids.  Moreover,  one  of  those 
candidates,  BRMSl,  significantly  suppresses  metastasis  in  two  human  breast  carcinoma  cell  lines  when 
transfected  and  constitutively  expressed.  BRMSl  maps  to  1  lql3,  a  site  commonly  involved  in  late-stage 
breast  carcinoma.  The  mechanism  of  action  appears  to  be  novel,  but  has  not  been  determined  during  the 
fimding  period. 

In  short,  we  accomplished  the  stated  ultimate  objective  for  DAMD-17-96-1-6152.  Success  required 
us  to  modify  the  experimental  strategy,  but  the  general  tenor  of  the  experimental  outline  was  retained. 
Results  generated  from  DAMD-17-96-1-6152  were  used  to  successfully  compete  for  funding  from  the 
National  Cancer  Institute  to  follow-up  on  these  exciting  findings. 
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Progression,  D.R.  Welch,  Principal  Investigator,  20%  effort. 

1986-1989  PHS,  NIH  R01-CA42475,  Biological  Modulation  of  Human  Melanoma  Cell  Invasion,  M.J.C.  Hendrix, 
Principal  Investigator,  D.R.  Welch,  Co-investigator. 

AWARDS  AND  HONORS 

1999  Desert  High  School,  Edwards,  A.F.B.,  California  “Wall  of  Fame”  (Outstanding  Alumnus  Award) 

1 998  Nominee,  “Excellence  in  Teaching”  Award  from  Medical  Student  Class  of  2000 

1 994  Finalist,  John  Hinkle  Society  Outstanding  Research  Award 

1 993  Nominee,  John  Hinkle  Society  Outstanding  Investigator  Award 

1 987  Outstanding  Young  Men  of  America 

1984  University  Cancer  Foundation  Aimual  Giving  -  Welch  Cancer  Fellow  Fund 

1983  John  A.  Beck  Scholarship 

1 983  The  University  of  Texas  Graduate  School  of  Biomedical  Sciences  Student  Research  Symposium  ~ 

Outstanding  Research  Award  in  Pharmacology 

1983  Sigma  Xi  Honorable  Mention  —  Presentation  at  the  University  of  Texas  Graduate  School  of  Biomedical 

Sciences  Student  Research  Symposium 
1983  Sigma  Xi  Scientific  Research  Society 

1 982-84  PHS,  NCI  Training  Grant,  5-T32  CA-09299,  Training  Grant  in  Molecular  Genetics  of  Cancer,  M.D. 

Anderson,  Program  Director 

1981  Student  Representative  for  the  University  of  Texas  System  Cancer  Center  to  the  University  of  Texas 

Board  of  Regents  -  August  1981 
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1981  University  Cancer  Foundation  Board  of  Visitors;  Special  Funding  for  Immunogenicity  Collaboration 

Travel  Funds 


TEACHING 

1992  -  present 

1994  -  present 
1996  -  1998 
1992  -  present 

1991  -  present 
1994  -  1996 

1992  -  1994 
1996 


1998  -  present 
1998 

1992-  1995 
1986- 1988 
1981- 1983 

1980 

1980 


The  Pennsylvania  State  University  College  of  Medicine 

•  Course  Coordinator  and  Lecturer  -  The  Biology  of  Neoplasia  (Pathology  520),  graduate  students  and 

residents 

•  Lecturer  -  Molecular  Biology  of  Cellular  Growth  Control  (Biology  561),  graduate  students 

•  Special  Topics  in  Pathology  -  Grant  Writing  Exercise  in  conjunction  with  Biology  of  Neoplasia 

•  Lecturer  -  Pharmacology,  medical  and  graduate  students 

•  Lecturer  -  Principles  of  Pathology,  medical  and  graduate  students 

•  Lecturer  -  Molecular  Techniques  in  Comparative  Medicine,  (CM-508)  graduate  students 

•  Lecturer  -Molecular  Techniques  in  Pathology,  residents 

•  Lecturer,  Continuing  Medical  Education  Virology  In-service 

Osier  Institute,  Kalamazoo  College,  University  of  Texas,  University  of  California,  Visiting 
Professorships 

•  Visiting  Professor,  University  of  Chicago  Cancer  Center,  Biology  of  Neoplasia 

•  Visiting  Professor  -  University  of  Texas-Houston,  M.D./Ph.D.  Graduate  Program 

•  Lecturer  -  Neoplasia,  Osier  Institute  Pathology  Board  Review  Course 

•  Lecturer  -  Senior  Seminars,  Kalamazoo  College 

•  Graduate  Teaching  Assistant  -  Immimology  I,  The  University  of  Texas  Graduate  School  of 
Biomedical  Sciences 

•  Head  Coordinator  and  Lecturer  -  Biology  of  Heart  Disease  (Bio  50),  University  of  California  at 
Irvine 

•  Student  Coordinator  -  Biology  of  Heart  Disease  (Bio  50),  University  of  California  at  Irvine 


TRAINEES 

Undergraduate; 

Michelle  Bahner,  B.S.  (Spelman  College),  Craig  T.  Basson,  M.D.,  Ph.D.  (University  of  Texas),  Carol  Czop,  M.D. 
(Kalamazoo  College),  Erin  Gestl,  B.S.  (Penn  State),  Casey  Glass,  B.S.  (Messiah  College),  Sandra  Hartman,  B.S. 
(Messiah  College),  Karen  Hathaway,  M.S.  (Kalamazoo  College),  Richard  Howrey,  M.D.  (Kalamazoo  College), 
Jeffery  W.  Mantia,  M.D.  (Kalamazoo  College),  Daniel  J.  Schissel,  M.D.  (Kalamazoo  College),  Kevin  Solomon, 
B.S.  (Messiah  College),  Jason  Spangler,  M.D.  (University  of  Pennsylvania),  Peter  J.  Wack,  M.D.  (Kalamazoo 
College),  James  Walker,  M.D.  (Kalamazoo  College) 

Graduate  (Principal  advisor  -  in  bold); 

Lynn  Brown,  B.S.,  Molecular  Physiology  Graduate  Program,  lung  injury  (Penn  State  —  1997-present)* 

Antoine  Carlisle,  D,V.M.,  Comparative  Medicine  Graduate  Program,  Anti-metastasis  drug  evaluation  (Penn  State 
— 1998-2000) 

David  Drubin,  B.S.,  Molecular  Medicine  Graduate  Program,  Nuclear  proteinase/ribozymes  (1998-present) 
Vincent  Gresham,  D.V.M.,M.S.,  Comparative  Medicine  Graduate  Program,  Yersinia  PCR  test  (Penn  State  — 
1993-1994) 

Current  nosition;  Director  of  Laboratory  Animal  Medicine  Services,  Brooke  Army  Medical  Center 
Debies,  Michael  T.,  B.S.,  Cell  &  Molecular  Biology  Program,  BRMSl  knockout  mouse  (Penn  State  1999  - 
present) 

John  Dennis,  D.V.M.,  M.S.,  Comparative  Medicine  Graduate  Program,  antisense  PKC-a  (Perm  State  —  1994- 
1996) 

Current  position;  Clinical  Veterinarian,  Duke  University  School  of  Medicine 
Monica  Embers,  B.S.  Microbiology  and  Immunology  Graduate  Program,  Papillomavirus  vaccine  development 
(Penn  State  —  1998-present) 

Steven  F.  Goldberg,  B.B.A,,  M.B.A..,  Cell  &  Molecular  Biology  Program,  Molecular  biology  of  melanoma 
metastasis  (Penn  State  —  1996-present) 

John  Harms,  B.S.  Molecular  Medicine  Graduate  Program,  Molecular  biology  of  melanoma  metastasis  (Penn 
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State  —  1997-present) 

Steven  Harvey,  D.V.M.,  M.S.,  Comparative  Medicine  Graduate  Program,  oral  papillomavirus  (Penn  State  — 
1995-1997) 

Louis  P.  Hodgson,  B.S.,  Bioengineering  Graduate  Program,  fluid  dynamics  in  cell  motility  (Penn  State  —  1998- 
present) 

Russell  Hoover,  B.S.,  Ph.D.,  Molecular  Physiology  Graduate  Program,  lung  surfactant  (Penn  State  —  1996-1998) 
Karen  LaPorte,  B.S.,  Cell  and  Molecular  Biology  Graduate  Program  (Penn  State  —  2000-present) 

Jennifer  Maiale,  B.S.,  Cell  and  Molecular  Biology  Graduate  Program,  DNA  replication  defects  in  cancer  (Penn 
State —  1998-present) 

William  Meehan,  B.S.,  M.S.  Molecular  Medicine  and  M.D./Ph.D.  Graduate  Programs,  Molecular  biology  of 
melanoma  metastasis  (Penn  State  —  1997-present) 

Jean  Munnerlyn,  M.S.,  Immunology,  radiation  biology  (Upjohn-  1984-1986) 

Kevin  Nash,  M.S.,  M.D./Ph.D.  Graduate  Program,  KiSSl  clinical  correlations  (Penn  State  —  2000-present) 
Jelena  Pavlovic,  B.S.  Molecular  Medicine  and  M.D./Ph.D.  Graduate  Programs,  Lung  surfactant  proteins,  (Penn 
State  1998  — present) 

Bradley  Rank,  B.S.,  M.S.  Bioengineering  Graduate  program,  Fluid  flow  in  cell  extravasation  (Penn  State  —  1998- 
2000) 

Monica  Richert,  B.S.,  Ph.D.,  Cell  &  Molecular  Biology  Graduate  Program,  IGFBPs  in  breast  development  (Penn 
State— 1994-1998) 

Margaret  Slattery,  B.S.,  Bioengineering  Graduate  Program,  Motility  of  breast  cancer  cells  (Penn  State  —  1999- 
present) 

Malinda  Stull,  B.S.,  Cell  &  Molecular  Biology  Graduate  Program,  IGFBP  in  breast  development  (Penn  State  — 
1998-present) 

Mark  Uhlik,  B.S.,  Microbiology  &  Immunology  Graduate  Program,  NfxB  regulation  (Perm  State  —  1997-present) 
Jun  You,  M.S.,  Ph.D.  Bioengineering  Graduate  Program,  mechanisms  of  cell  motility  (Penn  State  —  1996-1998) 
Postdoctoral  and/or  sabbatical 

Robert  Earhart,  M.D.,  Ph.D.,  (Sabbatical)  metastasis  induction,  growth  factors  (Upjohn) 

Lingling  Hou,  D.V.M.,  Visiting  Scientist,  ocular  melanoma  metastasis  (Penn  State) 

Current  Position  -  Unknown 

Cheol  Kyu  Hwang,  Ph.D.,  Postdoctoral  Fellow,  genetics  of  breast  cancer  metastasis  (Penn  State) 

Current  Position  -  Postdoctoral  Fellow,  National  Institutes  of  Health 
Jeong-Hyung  Lee,  Ph.D.,  Postdoctoral  Fellow,  genetics  of  melanoma  metastasis  (Penn  State) 

Current  Position  -  Investigator  (Asst.  Prof,  equivalent)  Korean  Institute  of  Technology 
Timothy  O.  Leonard,  M.D.,  Ph.D.,  Postdoctoral  Fellow,  genetics  of  melanoma  metastasis  (Penn  State) 

Current  Position  -  Resident  (Penn  State  University,  Department  of  Pathology) 

James  E.  Malone,  M.D.,  Fellow,  metastasis-suppressors  in  head  and  neck  cancer  (Penn  State) 

Current  Position  -  Chief  Resident  (Penn  State  University,  Department  of  Surgery) 

Mary  E.  Miele,  Ph.D.,  Postdoctoral  Fellow,  genetics  of  melanoma  metastasis  (Penn  State) 

Current  Position  -  Assistant  Professor,  University  of  Delaware 
Shelia  A.  McClure,  Ph.D.,  Visiting  Scientist,  cell  surface  glycoconjugates  (Upjohn) 

Current  Position  -  Associate  Professor,  Spehnan  College 
Carl  T.  McGary,  M.D.,  Ph.D.,  Resident,  Tumor-elicited  neutrophils  (Penn  State) 

Current  Position  -  Assistant  Professor,  University  of  Rochester  School  of  Medicine 
Bruce  E.  Miller,  Ph.D.,  Postdoctoral  Fellow,  tumor  immimology,  adhesion  (Glaxo) 

Current  Position  -  Unknown 

Toshiyuki  Sakamaki,  Ph.D.  -  Postdoctoral  Fellow,  breast  cancer  genetics  (Penn  State) 

Lalita  R.  Shevde-Samant,  Ph.D.  -  Postdoctoral  Fellow,  breast  cancer  genetics;  head  and  neck  cancer  biology 
(Penn  State) 

Rajeev  S.  Samant,  Ph.D.,  Postdoctoral  Fellow,  metastasis  suppressor  gene  genetics  (Penn  State) 

Jabed  Seraj,  M.D.,  Ph.D.  Postdoctoral  Fellow,  breast  cancer  genetics  (Penn  State) 

Current  Position  -  Research  Assistant,  University  of  Virginia 
Medical  Student  Trainees 

Renee  Allenbaugh,  B.S.  (Penn  State  —  1995-1996) 

Dale  Danglebren,  B.S.  (Penn  State  —  1996-2000) 
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Lisa  L.  Hamaker,  B.S.  (Penn  State  —  1999-2002) 
Raymond  Patterson,  B.S.  (Penn  State  —  1999-2003) 


Patents 

KiSS-],  a  novel  human  melanoma  metastasis-suppressor  gene.  U.S.  Patent  Application  submitted  October  1 1, 
1996,  Inventors;  D.R.  Welch  and  J.-H.  Lee 

KiSS-J,  a  novel  human  melanoma  metastasis-suppressor  gene.  International  Patent  W097/13778,  April  17, 1997, 
Inventors:  D.R.  Welch  and  J.-H.  Lee 

BRMSl,  a  novel  human  breast  carcinoma  metastasis-suppressor  gene.  Patents  Pending,  May  1999,  Inventors:  D.R 
Welch,  R.S.  Samant,  M.F.  Verderame  and  M.J.  Seraj 


PROFESSIONAL  SOCIETIES 


Current: 

American  Cancer  Society 

Board  of  Directors  -  Pennsylvania  Division 
(1992  -  present) 

Member  -  Carcinogenesis,  Nutrition  &  The 

Environment  Scientific  Review  Panel 
American  Association  for  Cancer  Research 
Metastasis  Research  Society 

Secretary/Treasurer  (1998-2002) 

National  Cancer  Institute  Information  Associates 
American  Association  for  the  Advancement  of  Science 
Sigma  Xi  Scientific  Research  Society 
Women  in  Cancer  Research 


Past: 

American  Society  for  Cell  Biology 
U.T.-M.D.  Anderson  Associates 
Lake  Ontario  Metastasis  Research  Group 
Tissue  Culture  Association 

Texas  Branch  (officer  1981-1983) 


CONSULTING: 

Genzyme  Corporation  (1998-present)  —  Advise  regarding  product  development  and  strategic  planning  for  anti- 
invasive  drug  line. 

Upstate  Biotechnology  Inc.  (1996-1997)  —  Advise  regarding  product  development  and  strategic  planning  for 
breast  and  prostate  cancer  product  line. 


SERVICE  AND  COMMITTEES: 


Penn  State  University  College  of  Medicine 

2000  Reviewer,  Four  Diamonds  Foundation  (funds  pediatric  cancer  research) 


1999-  present 
1999-  present 
1998-  present 
1998-  present 
1997-  present 
1997-  present 
1997-  present 
1995-  present 
1995-  present 
1999 
1999 
1999 
1999 
1999 
1998 
1998 


Institutional  Animal  Care  and  Use  Committee 
Co-chair,  Penn  State  Cancer  Center  Education  Committee 

Search  Committee  -  John  W.  Kreider  Chair,  Jake  Gittlen  Cancer  Research  Institute 

Search  Committee  -  Foreman  Foundation  Melanoma  Biologist,  Penn  State  Cancer  Center 

Promotion  and  Tenure  Review  Committee  -  Department  of  Pathology 

Department  of  Pathology  Seminar  Committee 

Jake  Gittlen  Cancer  Research  Institute  Seminar  Committee 

Admissions  interviewer  -  Medical  School  &  Graduate  Programs 

Teaching  -  Peer  Review  Evaluation  Committee 

Promotion  and  Tenure  Review  Committee  -  Department  of  Comparative  Medicine 
Chair,  Graduate  Education  Committee,  Department  of  Pathology 
Research  Committee,  Department  of  Pathology 
Organizing  Committee  -  Penn  State  Cancer  Center  Annual  Symposium 
Moderator  -  Penn  State  Cancer  Center  Symposium  on  Genomic  Instability 
Organizing  Committee  -  Penn  State  Cancer  Center  Annual  Symposium 

Moderator  -  Biologic  Concepts  in  Cancer  with  Clinical  Implications  for  the  Year  2000  and  Beyond. 
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1997- 1999 
1996- 1997 
1995- 1996 
1995- 1996 

1992- 1996 
1992- 1993 
1990-  1992 
1992 


Tumor  Tissue  Bank  Use  Committee 

Educational  and  Research  Enterprise  Committee 

Divisional  Representative  for  Graduate  Program  in  Molecular  Medicine 

Rx2  -  Redesign  for  Excellence-2,  Committee  to  Improve  Operational  Efficiency  of  Hershey  Medical 
Center  (Design  Team) 

Cultural  and  Ethnic  Diversity  Committee 
Employee  Communications  Task  Force 
Experimental  Pathology  Search  Committee 
Pennsylvania  Society  for  Biomedical  Research 


Penn  State  University 

1999-  2000  Search  Committee  -  Associate  Professor  of  Biomolecular  Nutrition  and  Carcinogenesis,  College  of 
Health  and  Human  Development 


American  Cancer 

2000-  2002 
1999 
1999 
1999 

1998-  2000 
1997-2000 
1996-  1999 
1996- 1999 
1994- 1996 
1994- 1996 
1994- 1995 
1992- 1996 
1994- 1996 
1991 

1991- 1995 
1991- 1993 
1984- 1988 
1980- 1984 
1977- 1980 


Society 

Medical  Director-at-Large  -  Pennsylvania  Division 

Division  Research  Initiatives  Blue  Ribbon  Panel  II  -  National  Office,  Atlanta,  GA 

Cancer  Control  2015  Goals  —  National  Office,  Atlanta,  GA 

Review  Panel  -  Nutritional  Supplements  Research  Proposal,  Cambria  Unit 

Media  Spokesperson  on  Tobacco  and  Breast  Cancer  Related  Issues  -  Commonwealth  (PA)  Division 

Chairman.  Cancer  Advocacy  Advisory  Committee  -  Commonwealth  (PA)  Division 

Medical  Director-at-Large.  Board  of  Directors  -  Commonwealth  (PA)  Division 

Member,  Cancer  Control  Committee  -  Commonwealth  (PA)  Division 

Chairman  Breast  Cancer  Detection  and  Treatment  Committee  -  Pennsylvania  Division 

Member,  Finance  Committee,  Pennsylvania  Division 

Chairman  Detection  and  Treatment  Committee  -  Pennsylvania  Division 

Medical  Director-at-Large:  Board  of  Directors  -  Pennsylvania  Division 

Administration  Committee  -  Pennsylvania  Division 

Professional  Education  Committee  -  Pennsylvania  Division 

Public  Relations  Committee  -  Pennsylvania  Division 

Public  Education  Committee  -  Pennsylvania  Division 

Speakers  Bureau,  American  Cancer  Society  -  Michigan  Division 

Speakers  Bureau,  American  Cancer  Society  -  Texas  Division 

Speakers  Bureau,  American  Cancer  Society  -  California  Division 


Metastasis  Research  Society 

1999-  2000  Scientific  Organizing  Committee  -  VIII  International  Congress  of  the  Metastasis  Research  Society 
2000  Chair  and  Keynote  Speaker  -  VIII  International  Congress  of  the  Metastasis  Research  Society 

1998-  2002  Secretary/Treasurer 

1998-  2002  Board  of  Directors 

1998  Co-chair.  Poster  Discussion  B  VII  International  Congress  of  the  Metastasis  Research  Society 


American  Association  for  Cancer  Research 

2000  Scientific  Organizing  Committee  -  AACR-NCI-EORTC  International  Conference  on  Molecular 

Targets  and  Cancer  Therapeutics 
2000  Gertrude  Elion  Award  Selection  Committee 

1999  1999  Annual  Meeting,  Chairman  -  Cell  &  Tumor  Biology  Subcommittee  of  the  Program  Committee 

1999  1999  Annual  Meeting,  Co-Chair  -  Minisymposium  -  Interactions  of  Metastatic  Cells  with  their 

Environment  -  Genetic  Implications 

1995  1995  Annual  Meeting,  Program  Committee,  Subcommittee  on  Invasion,  Metastasis,  and 

Angiogenesis  and  Co-chairman  -  Minisymposium  on  Cancer  Metastasis  and  Angiogenesis 
1994  1994  Annual  Meeting,  Vice-chairman  -  Program  Committee-Biology  Section,  and  Co-chairman  - 

Minisymposium  on  Cellular  and  Genetic  Factors  in  Cancer  Metastasis 
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Study  Sections 
1997- 2001 

2000 


1999 

1998 


1997 

1996 


1995 

1994 


Member,  Carcinogenesis,  Nutrition  &  Environment  Scientific  Advisory  Committee,  American 
Cancer  Society 

Member,  Pathobiology  I  (PBYl),  U.S.  Army  Research  and  Materiel  Command  Breast  Cancer 
Program 

Chair,  California  Cancer  Research  Program  —  Biomedical  Study  Section  C 
Member,  California  Breast  Cancer  Research  Program  -  Basic  Breast  Cancer  Study  Section 
Member,  American  Institute  for  Cancer  Research,  Panel  B  Review  Committee 
Reviewer,  Veteran’s  Administration,  Oncology  Reviews 

Member,  NIH/NCI  Cancer  Center  Support  Grant  P30,  University  of  Colorado  Cancer  Center 
Member,  NIH/NCI  Special  Study  Section,  UOl,  Early  Detection  Research  Network  -  Clinical  and 
Epidemiologic  Centers  (RFA-99-007). 

NCI/NIH  Initial  Review  Group  A  Cancer  Centers,  Ad  Hoc 
Member,  NIH/NCI  Cancer  Center  Support  Grant  P30,  Vanderbilt  University 
Member,  Special  Study  Section,  NIH/NCI,  POl  Melanoma  Etiology,  Progression  and  Therapy, 
Wistar  Institute 

Member,  NASA  Biotechnology  Review  Panel 

Reviewer,  The  University  of  Liverpool  Cancer  Research  Committee,  North  West  Cancer  Research 
Fund 

Reviewer,  Breast  Cancer  Society  of  Canada  1998  Review  Program 
Member,  California  Cancer  Research  Program  —  Biomedical  Study  Section  B 
Member,  Special  Study  Section,  NIH/NCI,  POl  Melanoma  Etiology,  Progression  and  Therapy, 
Wistar  Institute 

Reviewer,  Special  Study  Section  NIH/NCI,  POl  Melanoma  Genetics  (U.  Pittsburgh) 

Member,  American  Institute  for  Cancer  Research,  Panel  B  Review  Committee 
Member,  Pathobiology  I  (PBYl),  U.S.  Army  Research  and  Materiel  Command  Prostate  Cancer 
Program 

Member,  Pathobiology  I  (PBYl),  U.S.  Army  Research  and  Materiel  Command  Breast  Cancer 
Program 

Member,  Cell  Biology  I  (CBYl),  U.S.  Army  Research  and  Materiel  Command  Breast  Cancer 
Program 

Member,  Panel  Review  B,  American  Institute  for  Cancer  Research 

Reviewer,  New  Jersey  Cancer  Research  Commission 

Ad  Hoc  Member,  NCI/NIH  Initial  Review  Group  A  Cancer  Centers 

Reviewer,  Special  Study  Section  NIH/NCI,  POl  Melanoma  Genetics  (U.  Pittsburgh) 

Reviewer,  NIH/NCI,  Cancer  Center  Support  Grant  P30  U.  Miimesota 

Member,  Pathobiology  1  (PBY-l),  U.S.  Army  Research  and  Materiel  Command  Breast  Cancer  Res. 
Program 

Reviewer,  New  Jersey  Cancer  Research  Commission 

Member,  Pathobiology  1  (PBY-l),  U.S.  Army  Research  and  Materiel  Command  Breast  Cancer  Res. 
Program 

Member,  Molecular  Genetics-3  (MBY-3),  U.S.  Army  Research  and  Materiel  Command  Breast 
Cancer  Res.  Program 

Reviewer,  NIH/NCI,  Cancer  Center  Support  Grant  P30  Karmanos  Cancer  Center 
Member,  Susan  G.  Komen  Cancer  Foundation  for  Breast  Cancer  Research 
Ad  hoc  Reviewer,  Special  Study  Section  for  Oral  Cancer  POl  grants,  NCI,  NIH 
Ad  hoc  reviewer.  Carcinogenesis  and  Nutrition  Scientific  Advisory  Committee,  American  Cancer 
Society 

Reviewer,  New  Jersey  Cancer  Research  Commission 

Member,  Cell  &  Tissue  Biology  (CTB-1),  U.S.  Army  Research  and  Materiel  Command  Breast 
Cancer  Res.  Program 

Ad  hoc  Reviewer,  NAPBC  Iimovative  Small  Grant  Program,  Priority  Area  4  (Panel  B),  NIH,  NCI 
Reviewer,  New  Jersey  Cancer  Research  Commission 

Member,  Cell/Tissue  Culture  Review  Panel,  National  Aeronautics  and  Space  Administration 
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Ad  hoc  Reviewer,  Carcinogenesis  and  Nutrition  Scientific  Advisory  Committee,  American  Cancer 
Society 

Member,  Cell  &  Tissue  Biology  (CTB-2),  U.S.  Army  Research  and  Materiel  Command  Breast 
Cancer  Res.  Program 

1994  Reviewer,  New  Jersey  Cancer  Research  Commission 

1988  -  1991  Reviewer,  Arizona  Disease  Control  Research  Commission  -  Neoplastic  Diseases  Review  Panel 
1990  Reviewer,  North  Carolina  Biotechnology  Center 

Local  Community  Service 

1 999-2000  Treasurer  -  Community  Evangelical  Free  Church  of  Harrisburg 

1 999-200 1  Board  of  Directors  -  Elder,  Community  Evangelical  Free  Church  of  Harrisburg 
1 999-present  Adult  Teacher,  Community  Evangelical  Free  Church  of  Harrisburg 

1 999  Development  Team  -  Finance,  Church  Plant  -  Harrisburg  Area  Evangelical  Free  Church 

1997  Environmental  Health  Advisory  Group,  Pennsylvania  State  Department  of  Health  -  Office  of  the 

Physician  General 

1994  -  present  Co-chair.  Legg  Mason  5K  for  Jake’s  Sake  (fimd  raising  event  for  Jake  Gittlen  Cancer  Research 
Institute) 

1996-  1 997  Search  Committee  for  Assistant  Pastor  of  Adult  Ministries,  Evangelical  Free  Church,  Hershey,  PA 

1996-  1 998  Advisory  committee  for  Adult  Education/Congregational  Life,  Evangelical  Free  Church,  Hershey, 
PA 

1991-  1999  Adult  Teacher,  Evangelical  Free  Church,  Hershey,  PA 

1992-  1996  Home  Away  fi'om  Home,  Ministry  for  International  Scholars,  Hershey,  PA 

1988  Chairman.  Committee  for  Decency,  Kalamazoo,  Michigan 

1993-  1996  Biotechnology  Vocational  Curriculum  Committee,  Milton  Hershey  School 

Other  Professional  Organizations 

2000  Department  of  Defense  Breast  Cancer  Research  Program  Era  of  Hope  Meeting,  Bone  Metastasis, 

Atlanta,  GA  (11  June) 

International  Centre  for  Genetic  Engineering  and  Biotechnology,  Co-organizer:  Molecular  Aspects 
of  Growth  Control  and  Apoptosis,  Caracas,  Venezuela  (23  January  -  1  February) 

1999  Joint  Steering  Committee  on  Public  Policy,  March  24, 1999  (Presentations  to  Pennsylvania 

Representatives  and  Senators  to  U.S.  Congress) 

1998  National  Foundation  for  Cancer  Research,  Co-chairman  -  Minisymposium  on  the  use  of  genomics  to 

identify  novel  diagnostics  for  cancer 

1998  Pennsylvania  Congressional  Liaison  (PennCL)  -  lobbying  for  biomedical  research  interests  (through 

FASEB) 

1985  Cn-r.baimnan:  Brook  Lodge  Symposium  "Cancer  Metastasis:  Experimental  and  Clinical  Strategies" 

1984  Co-chairman:  Organizing  committee:  2nd  Annual  University  of  Texas  Health  Science  Center  at 

Houston  -  Graduate  School  of  Biomedical  Sciences  Student  Research  Symposium 
1983  Program  Committee:  Spring  Meeting  of  the  Texas  Branch  -  Tissue  Culture  Association, 

"Toxicology" 

1 983  Program  Committee  &  Session  Chairman:  Fall  Meeting  of  the  Texas  Branch  -  Tissue  Culture 

Association,  "Cellular  Interactions" 

1983  Chairman:  University  of  Texas  Health  Science  Center,  Graduate  School  of  Biomedical  Sciences 

High  School  Teachers  Workshop 

1983  Chairman:  University  of  Texas  Health  Science  Center,  Graduate  School  of  Biomedical  Sciences 

Student  Research  Symposium 

Glaxo  Research  Laboratories 

1988-  1990  Chemotherapy  Discovery  Group,  Cell  Adhesion  (ICAM-1)  Project  Team,  Drug  Targeting  Project 
Team,  Topoisomerase  I  Inhibitor  Project  Team,  Cancer  Therapy  Evaluation  Group 

The  Upjohn  Company 

1988-  1 989  Cancer  Research  Seminar  Committee 
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1988  Co-chairman:  Ontario  Metastasis  Research  Group  -  Fall  Meeting 

1987  Co-chairman:  Kalamazoo  College  Senior  Seminar  Course 

1984-  1988  Cancer  Research  Project  Team,  Minority  Recruitment  and  Training  Program,  Cancer  Treatment 
Project  Team 


EDITORIAL  ACTIVITIES 
Editorial  Boards: 

Anti-Cancer  Drugs  (2000-2003) 


Regular  Reviewer 

(approximate  number  of  reviews  per  year) 

Occasional  Reviewer 

American  Journal  of  Pathology  (2) 

Cancer  (2-4) 

Cancer  Detection  and  Treatment  (3) 

Cancer  Research  (20) 

Clinical  Cancer  Research  (6) 

Clinical  and  Experimental  Metastasis  (6-8) 

Experimental  Cell  Research  (2) 

International  Journal  of  Cancer  (2) 

Invasion  and  Metastasis  (1-2) 

Journal  of  the  National  Cancer  Institute  (3) 

Nature  Medicine  (1) 

Oncogene  (2) 

Science  (1) 

Anesthesia 

Biochemical  and  Biophysical  Research  Communications 
Biotechniques 

Cancer  Letters 

Cell  Growth  and  Differentiation 

Chemica-Biological  Interactions 

CRC  Press  -  Reviews 

European  Journal  of  Cancer  and  Clinical  Oncology 
Journal  of  Biological  Chemistry 

Journal  of  Clinical  Endocrinology  and  Metabolism 

Life  Sciences 

Melanoma  Research 

Molecular  Carcinogenesis 

Molecular  and  Cellular  Differentiation 

Nature 

Nature  Genetics 

Oncology  Research 

Proceedings  of  the  National  Academy  of  Sciences 
Toxicology  and  Applied  Pharmacology 

Trends  in  Biochemical  Sciences 
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EDITOR 

CANCER  METASTASIS:  EXPERIMENTAL  AND  CLINICAL  STRATEGIES,  D.R.  Welch,  B.K.  Bhuyan  and  L.A. 

Liotta,  eds.,  Alan  R.  Liss,  Inc.,  1986 

LABORATORY  TECHNIQUES  IN  BIOCHEMISTRY  AND  MOLECULAR  BIOLOGY  —  METASTASIS,  Burger, 

M.M.,  Rusciano,  D.  and  Welch,  D.R.  (In  press) 

PUBLICATIONS  IN  PEER-REVIEWED  JOURNALS 

1 .  Neri,  A.,  Welch,  D.R.,  Kawaguchi,  T.  &  Nicolson,  G.L.  Development  and  biologic  properties  of  malignant 

cells  and  clones  of  a  spontaneously  metastasizing  rat  mammary  adenocarcinoma.  Journal  of  the  National 
Cancer  Institute  ( 1 982)  507-5 1 7. 

2.  Welch,  D.R.,  Milas,  L.,  Tomasovic,  S.P.,  &  Nicolson,  G.L.  Heterogeneous  response  and  clonal  drift  of 
metastatic  13762NF  mammary  adenocarcinoma  clones  to  gamma  radiation  in  vitro.  Cancer  Research  (1983) 
43:  6-10. 

3.  Welch,  D.R.,  Neri,  A.  &  Nicolson,  G.L.  Comparison  of 'spontaneous'  and  'experimental'  metastasis  using  rat 
13762NF  mammary  adenocarcinoma  cell  clones.  Invasion  and  Metastasis  (1983)  3:65-80. 

4.  Welch,  D.R.  &  Nicolson,  G.L.  Phenotypic  drift  and  heterogeneity  in  response  of  metastatic  mammary 
adenocarcinoma  cell  clones  to  Adriamycin,  5-fluoro-2'-deoxyuridine  and  Methotrexate  in  vitro.  Clinical  and 
Experimental  Metastasis  (1983)  _l:317-325. 

5.  Pearce,  V.,  Pathak,  S.,  Mellard,  D.,  Welch,  D.R.  &  Nicolson,  G.L.  Chromosome  and  DNA  analyses  of  rat 
13762NF  mammary  adenocarcinoma  cell  lines  and  clones  of  different  metastatic  potentials.  Clinical  and 
Experimental  Metastasis  (1984)  2:271-286. 

6.  Welch,  D.R.,  Krizman,  D.B.  &  Nicolson,  G.L.  Multiple  phenotypic  divergence  of  mammary  adenocarcinoma 
cell  clones.  1.  In  vitro  and  in  vivo  properties.  Clinical  and  Experimental  Metastasis  (1984)  2:333-355. 

7.  Welch,  D.R.,  Evans,  D.P.,  Tomasovic,  S.P.,  Milas,  L.  &  Nicolson,  G.L.  Multiple  phenotypic  divergence  of 
mammary  adenocarcinoma  cell  clones.  II.  Sensitivity  to  radiation,  hyperthermia  and  FUdR.  Clinical  and 
Experimental  Metastasis  (1984)  2:357-371 . 

8.  Nicolson,  G.L.,  Dulski,  K.,  Basson,  C.T.  &  Welch,  D.R.  Preferential  organ  attachment  and  invasion  in  vitro 
by  B16  melanoma  cells  selected  for  differing  metastatic  colonization  and  invasive  properties.  Invasion  and 
Metastasis  (1985)  5:144-158. 

9.  Welch,  D.R.  &  Tomasovic,  S.P.  Implications  of  tumor  progression  on  clinical  oncology.  Clinical  and 
Experimental  Metastasis  (1985)  3: 15 1-188. 

10.  Tomasovic,  S.P.  &  Welch,  D.R.  Heat  stress  proteins  and  experimental  cancer  metastasis.  International 
Journal  of  Hyperthermia  (1986)  2:253-266. 

1 1 .  Nakajima,  M.,  Welch,  D.R.,  Belloni,  P.N.  &  Nicolson,  G.L.  Degradation  of  basement  membrane  type  FV 
collagen  and  lung  subendothelial  matrix  by  rat  mammary  adenocarcinoma  cell  clones  of  differing  metastatic 
potentials.  Cancer  Research  (1987)  47:4869-4876. 

12.  Tomasovic,  S.P.,  Armour,  E.P.,  North,  S.M.  &  Welch,  D.R.  Rat  mammary  adenocarcinoma  heat-stress 
proteins  in  vivo.  International  Journal  of  Hyperthermia  (1987)  3:467-473. 

13.  Welch,  D.R.  Biologic  considerations  for  drug  targeting  in  cancer  patients.  Cancer  Treatment  Reviews  (1987) 
14:351-358. 

14.  Nicolson,  G.L.,  Lembo,  T.M.  &  Welch,  D.R.  Growth  of  rat  mammary  adenocarcinoma  cells  in  semisolid 
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clonogenic  medium  not  correlated  with  spontaneous  metastatic  behavior:  Heterogeneity  in  the  metastatic, 
antigenic,  enzymatic  and  drug  sensitivity  properties  of  cells  from  different  sized  colonies.  Cancer  Research 
(1988)M:399-404. 

15.  Welch,  D.R.,  Aeed,  P.A.  &  Estrada,  J.  Development  and  characterization  of  a  rat  model  for  locally  recurring 
mammary  tumors:  Sensitivities  to  5-fluoro-2'-deoxyuridine,  Adriamycin  and  X-irradiation.  Cancer  Research 
(1988)48:4549-4554. 

16.  Aeed,  P.A.,  Nakajima,  M.  &  Welch,  D.R.  The  role  of  polymorphonuclear  leukocytes  (PMN)  on  the  growth 
and  metastatic  potential  of  13762NF  mammary  adenocarcinoma  cells.  International  Journal  of  Cancer  (1988) 
42:748-759. 

17.  Aeed,  P.A.  &  Welch,  D.R.  Sensitivity  of  locally  recurrent  rat  mammary  tumour  cell  lines  to  syngeneic 
polymorphonuclear  cell,  macrophage  and  natural  killer  cell  cytolysis.  British  Journal  of  Cancer  (1988) 
58:746-752. 

18.  Estrada,  J.,  Freeman,  D.L.,  Aeed,  P.A.  &  Welch,  D.R.  Experimental  model  for  locally  recurring  mammary 
tumors:  Development,  morphology,  karyotype,  growth  kinetics  and  experimental  metastatic  potential.  Cancer 
(1989)^:1353-1362. 

19.  Welch,  D.R.,  Lobl,  T.J.,  Seftor,  E.A.,  Wack,  P.J.,  Aeed,  P.A.,  Yohem,  K.H.,  Seftor,  R.E.B.  &  Hendrix, 

M.J.C.  Use  of  the  membrane  invasion  culture  system  (MICS)  as  a  screen  for  anti-invasive  agents. 
International  Journal  of  Cancer  (1989)  43:449-457. 

20.  Welch,  D.R.,  Schissel,  D.J.,  Howrey,  R.P.  &  Aeed,  P.A.  Tumor-elicited  polymorphonuclear  cells,  in  contrast 
to  'normal'  circulating  polymorphonuclear  cells,  stimulate  invasive  and  metastatic  potentials  of  rat  mammary 
adenocarcinoma  cells.  Proceedings  of  the  National  Academy  of  Science  (USA)  (1989)  ^:5859-5863. 

2 1 .  Scieszka,  J.F.,  Aeed,  P.A.,  Welch,  D.R.  &  Cho,  M.  J.  Neutrophil-mediated  transfer  of  polar  substances  from 
liposomes  to  mammary  tumor  cells  in  vitro.  International  Journal  of  Pharmaceutics  (1989)  5319:167-173. 

22.  Hendrix,  M.J.C.,  Seftor,  E.A.,  Seftor,  R.E.B.,  Misiorowski,  R.L.,  Saba,  P.Z.,  Sundareshan,  P.  &  Welch,  D.R. 
Comparison  of  tumor  cell  invasion  assays:  human  amnion  versus  reconstituted  basement  membrane  barriers. 
Invasion  and  Metastasis  (1989)  9:278-297. 

23.  Bevacqua,  S.J.,  Welch,  D.R.,  Diez  de  Pinos,  S.M.,  Shapiro,  S.A.,  Johnston,  M.G.,  Witte,  M.H.,  Leong,  S.P.L., 
Dorrance,  T.L.,  Leibovitz,  A.  &  Hendrix,  M.J.C.  Quantitation  of  human  melanoma,  carcinoma  and  sarcoma 
tumor  cell  adhesion  to  lymphatic  endothelium.  Lymphology  (1990)  23:4-14. 

24.  Welch,  D.R.,  Fabra,  A.  &  Nakajima,  M.  Transforming  growth  factor-beta  stimulates  mammary 
adenocarcinoma  cell  invasion  and  metastatic  potential.  Proceedings  of  the  National  Academy  of  Science 
(USA)  (1990)^:7678-7682. 

25.  Welch,  D.R.,  McClure,  S.A.,  Aeed,  P.A.,  Bahner,  M.J.  &  Adams,  L.D.  Tumor  progression-  and 
metastasis-associated  proteins  identified  using  a  model  of  locally  recurrent  rat  mammary  adenocarcinomas. 
Clinical  and  Experimental  Metastasis  (1990)  6:533-551. 

26.  Welch,  D.R.,  Bisi,  J.E.,  Miller,  B.E.,  Conaway,  D.,  Seftor,  E.A.,  Yohem,  K.H.,  Gilmore,  L.B.,  Seftor,  R.E.B., 
Nakajima,  M.  &  Hendrix,  M.J.C.  Characterization  of  a  highly  invasive  and  spontaneously  metastatic  human 
malignant  melanoma  cell  line.  International  Journal  of  Cancer  (1991)  47:227-237. 

27.  Seftor,  R.E.B.,  Seftor,  E.A.,  Grimes,  W.J.,  Welch,  D.R.  &  Hendrix,  M.J.C.  Human  melanoma  cell  invasion  is 
inhibited  in  vitro  by  swainsonine  and  deoxymannojirimycin  with  a  concomitant  decrease  in  collagenase  IV 
expression.  Melanoma  Research  (1991)1:43-54. 

28.  Hendrix,  M.J.C.,  Seftor,  E.A.,  Chu,  Y.-W.,  Seftor,  R.E.B.,  Nagle,  R.B.,  McDaniel,  K.M.,  Leong,  S.P.L., 
Yohem,  K.H.,  Leibovitz,  A.M.,  Meyskens,  F.L.,Jr.,  Conaway,  D.H.,  Welch,  D.R.,  Liotta,  L.A.  & 
Stetler-Stevenson,  W.G.  Co-expression  of  vimentin  and  cytokeratins  by  human  melanoma  tumor  cells: 
correlation  with  invasive  and  metastatic  potential.  Journal  of  the  National  Cancer  Institute  ( 1 992) 

84:165-174. 
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29.  Yohem,  K.H.,  Clothier,  J.L.,  Montague,  S.L.,  Geary,  R.J.,  Winters,  A.L.,  Hendrix,  M.J.C.  &  Welch,  D.R. 
Inhibition  of  tumor  cell  invasion  by  verapamil.  Pigment  Cell  Research  (1992)  4:225-233. 

30.  Harper,  D.E.  &  Welch,  D.R.  Isolation,  purification,  synthesis  and  antiinvasive/antimetastatic  activity  of  U- 
77863  andU-77864  from  Streptomyces  griseoluteus,  Strain  WS6724.  Journal  of  Antibiotics  (1992)  45:1827- 
1836. 

3 1 .  Welch,  D.R.,  Harper,  D.E.,  &  Yohem,  K.H.  U-77,863:  A  novel  cinnanamide  isolated  from  Streptomyces 
griseoluteus  that  inhibits  tumor  cell  invasion  and  metastasis.  Clinical  and  Experimental  Metastasis.  (1993) 

11:  201-212. 

32.  Nakajima,  M.,  Welch,  D.R.,  Wynn,  D.M.,  Tsuruo,  T.  &  Nicolson,  G.L.  Serum  and  plasma  92-kDa  gelatinase 
activities  correlate  with  spontaneous  lung  metastasis  formation  of  rat  13762NF  mammary  adenocarcinoma. 
Cancer  Research  (1993)  53:  5802-5807. 

33.  Welch,  D-R.,  Chen,  P.,  M.E.  Miele.,  Bower,  J.M.,  McGary,  C.T.,  Stanbridge,  E.J.  &  Weissman,  B.E. 
Microcell-mediated  transfer  of  chromosome  6  into  metastatic  human  C8161  melanoma  cells  suppresses 
metastasis,  but  not  inhibit  tumorigenicity.  Oncogene  (1994)  9:  255-262. 

34.  Suit,  H.,  Allam,  A.,  Allalunis-Tumer,  J.,  Brock,  W.,  Girinsky,  T.,  Hill,  S.,  Hunter,  N.,  Milas,  L.,  Pearcey,  R., 
Peters,  L.,  Welch,  D.R.,  West,  C.,  &  Efird,  J.  Is  tumor  cell  radiation  resistance  correlated  with  metastatic 
ability?  Cancer  Research  (1994)  54:  1736-1741. 

35.  Miele,  M.E.,  Bennett,  C.F.,  Miller,  B.E.  &  Welch,  D.R.  Enhanced  metastatic  ability  of  TNF-a-treated 
malignant  melanoma  cells  is  reduced  by  ICAM-1  (CD54)  antisense  oligonucleotides.  Experimental  Cell 
Research  (1994)  214:  231-241. 

36.  Welch,  D.R.,  Aeed,  P.A.,  Earhart,  R.H  &  McClure,  S.A.  Evidence  for  paracrine  regulation  of  experimental 
metastasis  in  13762NF  rat  mammary  adenocarcinoma  cell  clones.  Anticancer  Research  (1994)  14:  1743-1752. 

37.  Jiang,  H.,  Lin,  J.,  Herlyn,  M.,  Kerbel,  R.S.,  Weissman,  B.E. ,  Welch,  D.R.  &  Fisher,  P.B.  mda-6,  WAF/CIPl, 
is  a  melanoma  differentiation-associated  gene  displaying  differential  expression  during  growth,  differentiation 
and  progression  in  human  melanoma  cells.  Oncogene  (1995)  10:  1855-1864. 

38.  You,  J.,  Miele,  M.E.,  Dong,  C.  &  Welch,  D.R.  Suppression  of  human  melanoma  metastasis  by  introduction  of 
chromosome  6  may  be  partially  due  to  inhibition  of  motility,  but  not  to  inhibition  of  invasion.  Biochemical 
and  Biophysical  Research  Communications  (1995)  208:  476-484. 

39.  Miele,  M.E.,  McGary,  C.T.  and  Welch,  D.R.  SOD2  (MnSOD)  does  not  suppress  tumorigenicity  or  metastasis 
of  human  C8161  melanoma  cells.  Anticancer  Research  (1995)  15:  2065-2070. 

40.  McGary,  C.T.,  Miele,  M.E.,  Welch,  D.R.  Highly  metastatic  13762NF  rat  mammary  adenocarcinoma  clones 
secrete  IL-3  or  GM-CSF-like  activity  that  is  apparently  responsible  for  neutrophilia  response.  American 
Journal  of  Pathology  {\995)  147:  1668-1681. 

41.  Rieber,  M.S.,  Welch,  D.R.,  Miele,  M.E.  and  Rieber,  M..  p53 -independent  increase  in  p2l'^'^"  and  reciprocal 
down-regulation  of  cyclin  A  and  proliferating  cell  nuclear  antigen  in  bromodeoxyuridine-mediated  growth 
arrest  of  human  melanoma  cells.  Cell  Growth  and  Differentiation  (1996)  7:  197-202. 

42.  Phillips,  K.*,  Welch,  D.R.*,  Miele,  M.E.,  Lee,  J.-H.,  Wei.,  L.L.,  and  Weissman,  B.E.  Suppression  of  MDA- 
MB-435  breast  carcinoma  cell  metastasis  following  the  introduction  of  human  chromosome  1 1 .  Cancer 
Research  (1996)  56:  1222-1227.  *  Contributed  equally  to  this  work. 

43.  Welch,  D.R.  and  Rieber,  M.,  Is  a  malignant  melanoma  metastasis-suppressor  gene?  Molecular 

and  Cellular  Differentiation,  (1996),  4:  91-1 1 1. 

44.  Miele,  M.E.,  Lee,  J.-H.,  Coleman,  A.,  Robertson,  G.,McGary,  C.T.,  Lugo,  T.G.  and  Welch,  D.R.  Introduction 
of  human  chromosome  6  and  chromosome  1  into  human  melanoma  cell  line  MelJuSo  suppresses  metastasis. 
Molecular  Carcinogenesis  (1996)  15:  284-299. 

45.  Welch,  D.R.  (Invited  editorial)  Secrecy  in  Research:  Is  it  hurting  progress  against  cancer?  Oncology  Times 
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(1996)  18:  37-38.  [The  editorial  also  includes  excerpts  from  several  other  scientists  and  physicians]. 

46.  Lee,  J.-H.,  Miele,  M.E.,  Hicks,  D.J.,  Phillips,  K.K.,  Trent,  J.M.,  Weissman,  B.E.  and  Welch,  D.R.  (1996) 
KiSS-1,  A  novel  malignant  melanoma  metastasis-suppressor  genes  identified  in  chromosome  6-malignant 
melanoma  microcell  hybrids.  Journal  of  the  National  Cancer  Institute  88:  1731-1737. 

47.  Miele,  M.E.,  de  la  Rosa,  A.,  Lee,  J.-H.,  Hicks,  D.J.,  Dennis,  J.U.,  Steeg,  P.S.  and  Welch,  D.R.  (1997)  NMEl 
(Nm23-Hl)  levels  rise  in  metastasis-suppressed  chromosome  6/human  melanoma  hybrids,  but  transfection 
with  NMEl  does  not  completely  suppress  metastasis.  Clinical  and  Experimental  Metastasis  15:  259-265. 

48.  McGary,  C.T.,  Pan,  Y.-c.,  Neri,  A.,  Guntrum,  W.D.  and  Welch,  D.R.  (1997)  Tumor-elicited,  metastasis¬ 
enhancing  neutrophils,  but  not  circulating  or  phorbol  ester-activated  PMN,  express  high  levels  of  MRP  14. 
Anticancer  Research  17:  1-6. 

49.  Welch,  D.R.  Technical  considerations  when  studying  cancer  metastasis  in  vivo.  (1997)  Clinical  and 
Experimental  Metastasis  15(3):  272-306. 

50.  Lee,  J.-H.  and  Welch,  D.R.  (1997)  Identification  of  highly  expressed  genes  in  metastasis-suppressed 
chromosome  6/human  malignant  melanoma  hybrid  cells  using  subtractive  hybridization  and  differential 
display.  International  Journal  of  Cancer  71:  1035-1044 

51.  Lee,  J-H.  and  Welch,  D.R.  (1997)  Suppression  of  metastasis  in  human  breast  carcinoma  MDA-MB-435  cells 
following  transfection  with  the  metastasis-suppressor  gene,  KISS- 1.  Cancer  Research  57:  2284-2287. 

52.  Yang,  X.,  Welch,  D.R.,  Phillips,  K.K.,  Weissman,  B.E.,  Wei,  L.L.  (1997)  KAI-1,  a  putative  marker  for 
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TNF-a  is  inhibited  by  antisense  ICAM-1  oligonucleotides.  Proceedings  of  the  American  Association  for  Cancer 
Research  (1993)  381  [winner  of  Upjohn  Travel  Award] 

Hall,  I.J.,  Welch,  D.R.,  Tlsty,  T.D.  Genomic  instability  does  not  increase  as  tumor  cells  progress  toward 
malignancy.  Loss  of  Genomic  Instability  in  Neoplasia  (1993)  17:  25. 

Hall,  I.J.,  Welch,  D.R.  and  Tlsty,  T.D.  Measurement  of  genomic  instability  in  rat  mammary  adenocarcinoma 
cell  elones  of  differing  metastatic  potential.  Loss  of  Genomic  Instability  in  Neoplasia  (1993)  17:  33. 

Miele,  M.E.,  Chen,  P.,  Weissman,  B.E.,  Stanbridge,  E.J.,  and  Welch,  D.R.  Suppression  of  metastasis  following 
introduction  of  chromosome  6  does  not  correlate  with  SOD2  expression.  The  Second  International  Chromosome  6 
Mapping  Workshop.  Berlin,  Germany. 

Miele,  M.E.,  Gresham,  V.C.,  Stanbridge,  E.J.,  Weissman,  B.E.  and  Welch,  D.R.  Metastasis,  but  not 
tumorigenicity,  is  suppressed  and  Nm23  levels  are  increased  by  introduction  of  chromosome  6  into  human  malignant 
melanoma  cell  line  C8 1 6 1 .  Proceedings  of  the  American  Association  for  Cancer  Research  ( 1 994)  35 :  325.  [winner 
of  Brigid  Leventhal  Award] 

McGary,  C.T.  and  Welch,  D.R.  Stimulation  of  bone  marrow  by  highly  metastatic  13762NF  rat  mammary 
carcinoma  cell  clones.  Proceedings  of  the  American  Association  for  Cancer  Research  (1994)  35:  326. 

McGary,  C.T.  and  Welch,  D.R.  Differential  protein  expression  in  tumor-elicited  mammary  carcinoma  meta¬ 
stasis-enhancing  neutrophils.  Proceedings  American  Association  for  Cancer  Research  (1994)  35:  327. 

Coleman,  A.,  Miele,  M.E.,  Robertson,  G.,  Lugo,  T.G.  and  Welch,  D.R.  Experimental  metastasis  is  apparently 
suppressed  in  human  melanoma  cell  line  MelJuSo  by  introduction  of  human  chromosome  6.  Clinical  and 
Experimental  Metastasis  (1994)  12: 16. 

Freiberg,  A.S.,  Stine,  C.J.,  McGary,  C.T.,  and  Welch,  D.R.  Development  and  characterization  of  a  human 
neuroblastoma  model  of  liver  metastasis.  Clinical  and  Experimental  Metastasis  (1994)  12:  210. 

Welch,  D.R.,  Miele,  M.E.,  Lee,  J.-H.,  Weissman,  B.E.,  Coleman,  A.,  Robertson,  G.,  Jiang,  H.,  Lin,  J.,  Fisher, 
P.B.,  and  Lugo,  T.G.  Use  of  microcell-mediated  chromosome  transfer  to  identify  human  melanoma  metastasis- 
suppressor  genes.  Clinical  and  Experimental  Metastasis  (1994)  12:  8. 

Grenko,  R.T.,  Welch,  D.R.  and  Van  Kooten,  D.  Immunodetection  of  neural  cell  adhesion  molecule,  p53  and 
cathepsin  D  in  salivary  gland  adenoid  cystic  carcinoma.  American  Journal  of  Clinical  Pathology,  submitted. 

McGary,  C.T.  and  Welch,  D.R.  Highly  metastatic  13762NF  rat  mammary  adenocarcinoma  clones  secrete  IL-3 
or  GM-CSF  like  activity.  Proceedings  of  the  American  Association  for  Cancer  Research  (1995)  36:  456. 

Miele,  M.E.  and  Welch,  D.R.  Transfection  of  SOD2  into  a  highly  metastatic  human  melanoma  cell  line  C8161 
does  not  alter  tumorigenicity  or  metastatic  ability.  Proceedings  of  the  American  Association  for  Cancer  Research 
(1995)  M:  455 

Rieber,  M.,  Rieber,  M.S.,  Miele,  M.E.  and  Welch,  D.R.  BrdU-induced  growth  arrest  in  metastatic  p53’"“‘  human 
melanoma  cells  involves  increased  p21AVAFl/CIPl  and  pi  10'^*’  with  concurrent  decline  in  cyclin  A.  Proceedings  of 
the  American  Association  for  Cancer  Research  (1995)  36:  3154 

Dong,  C.,  You,  J.,  Miele,  M.E.  and  Welch,  D.R.  Tumor  cell  motility  in  the  metastatic  cascade  can  be  regulated 
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by  genes  on  chromosome  6.  Biorheology  (1995)  203. 

Kiley,  S.,  Welch,  D.R.  and  Taken,  S.  Protein  kinase  C  (PKC)  isozyme  and  substrate  expression  changes  with 
progressive  metastatic  potential  in  mammary  epithelial  cell  lines.  9th  International  Conference  on  Second 
Messengers  and  Phosphoproteins  (1995). 

Welch,  D.R.,  Miele,  M.E.,  Lee,  J.-H.,  Robertson,G.,  Coleman,  A.,  Weissman,  B.E.,  Fisher,  P.B.,  Lugo,  T.G. 
Evidence  for  melanoma  metastasis-suppressor  genes  on  human  chromosomes  1  and  6.  5th  International  Congress  of 
Anticancer  Research  (1995). 

Miele  M.E.,  De  La  Rosa  A.,  Steeg  P.S.,  Welch,  D.R.  NMEl  (Nm23-Hl)  levels  rise  in  metastasis-suppressed 
chromosome  6/human  melanoma  hybrids,  but  transfection  with  NMEl  does  not  completely  suppress  metastasis. 
Proceedings  of  the  American  Association  for  Cancer  Research  (1996)  Yt-  528. 

Lee  J-H.,  Doumen  D.J.  and  Welch  D.R.  Cloning  of  a  novel  gene,  KiSS-1,  which  is  responsible  for  metastasis 
suppression  in  chromosome  6/human  melanoma  hybrid  cells.  Proceedings  of  the  American  Association  for  Cancer 

Research  (1996)  37:  531. 

Lee  J.-H.  and  Welch  D.R.  Use  of  differential  display  and  subtractive  hybridization  to  identify  highly  expressed 
genes  in  metastasis-suppressed  chromosome  6/human  melanoma  hybrids.  Proceedings  of  the  American  Association 
for  Cancer  Research  (1996)  Y;.  530. 

Miele  ME,  Robertson  G,  Lee  J-H,  A.  Coleman,  McGary  CT,  Fisher  PB  ,  Lugo  T  G  and  Welch  D  R  Metastasis 
is  suppressed  in  human  melanoma  cell  line  MelJuSo  following  introduction  of  chromosomes  1  or  6  but 
tumorigenicity  and  local  invasiveness  are  unaffected.  Proceedings  of  the  American  Association  for  Cancer  Research 
(1996)37:  527. 

Wei,  L.L.,  Yang,  X.,  Phillips,  K.,  Weissman,  B.E.,  Welch,  D.R.  Analysis  of  KAI-1  mRNA  expression  in  human 
breast  cancer  cell  lines.  Proceedings  of  the  American  Association  for  Cancer  Research  (1996)  32:  529. 

Phillips,  K.  K.,  Welch,  D.R.,  Miele,  M.E.,  Lee,  J.-H.,  Wei,  L.L.,  and  Weissman,  B.E.  Suppression  of  MDA- 
MB-435  breast  carcinoma  cell  metastasis  following  the  introduction  of  human  chromosome  11.  Proceedings  of  the 
American  Association  for  Cancer  Research  (1996)  37:  568. 

Kiley,  S.,  Welch,  D.R.  and  Taken,  S.  W.  Protein  kinase  C6:  use  of  a  dominant-negative  strategy  to  study  its 
contribution  to  metastatic  progression  in  mammary  epithelial  cells.  Proceedings  of  the  American  Association  for 
Cancer  Research  (1996)  37:  1059. 

Miele,  M.E.,  Goldberg,  S.F.,  Hyatt,  D.L.,  Weissman,  B.E.,  Barbanti-Brodano,  G.,  Welch,  D.R.  Human 
melanoma  metastasis-suppressor  locus  maps  to  6ql6.3-q23.  Proceedings  of  the  American  Association  for  Cancer 

Research  (1997)  38:  1361. 

Lee,  J.-H.,  Goldberg,  S.F.,  Hicks,  D.J.,  Welch,  D.R.  Suppression  of  human  breast  carcinoma  MDA-MB-435 
tumor  growth  and  metastasis  by  KiSS-1.  Proceedings  of  the  American  Association  for  Cancer  Research  (1997)  38: 
545. 

Kiley,  S.,  Goodnough,  M.,  Clark,  K.,  Welch,  D.R.,  Taken,  S.  Protein  kinase  C  6  promotes  mammary  tumor 
progression.  Proceedings  of  the  American  Association  for  Cancer  Research  (1997)  38:  2500. 

Taken,  S.,  Kiley,  S.,  Clark,  K.,  Goodenough,  M.,  Welch,  D.  and  Medina,  D.  Protein  kinase  C  in  mammary 
carcinogenesis.  Vermont  Cancer  Meetings  (1997).  LI. 

Welch,  D.R.  and  Lee,  J.-H.  Isolation  and  initial  characterization  of  KiSS-1,  a  human  metastasis-suppressor 
gene.  Cold  Spring  Harbor  Symposium  on  Fundamental  Cancer  Research  (1997)  pp.  518. 

Taken,  S.,  Kiley,  S.C.,  Medina,  D.  Welch,  D.R.  Protein  kinase  C  in  mammary  carcinogenesis.  An  Era  of  Hope 
-  U.S.  Army  Medical  Research  and  Materiel  Command  Breast  Cancer  Research  Program  (1997)  2:  41 1. 

Lee,  J.-H.,  Hicks,  D.J.,  Goldberg,  S.F.  Welch,  D.R.  Suppression  of  human  breast  carcinoma  MDA-MB-435 
metastasis  by  the  melanoma  metastasis-suppressor  gene,  KiSS-1.  An  Era  of  Hope  -  U.S.  Army  Medical  Research 
and  Materiel  Command  Breast  Cancer  Research  Program  (1997)  2:715. 

Welch,  D.R.,  Lee,  J.-H.,  Miele,  M.E.,  and  Weissman,  B.E.  Identification  of  metastasis  suppressor  genes  in 
human  cancer.  Molecular  Determinants  of  Cancer  Metastasis  (1997)  pp.  71-73. 

Kiley,  S.,  Goodnough,  M,  Clark,  K.,  Welch,  D.R.,  Taken,  S.  Dominant  negative  protein  kinase  C-6  inhibits  the 
metastatic  progression  of  mammary  tumor  cells  in  vivo.  Proceedings  of  the  American  Association  for  Cancer 
Research  (1998)  39:  534 

Miele,  M.E.;  Billelo,  J.P.;  Robertson,  G.P.;  Huang,  H.-J.S.;  Cavenee,  W.K.;  Hicks,  D.J.;  Welch,  D.R. 
PTEN/MMACl  does  not  suppress  tumorigenicity  or  metastasis  in  C8161  human  melanoma  cells.  Proceedings  of  the 
American  Association  for  Cancer  Research  (1998)  39:  4199 
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Alessandrini,  A.  and  Welch,  D.R.,  Constitutively  active  MEKl  induces  metastatic  potential  in  NIH-3T3  cells. 
Cold  Spring  Harbor  Meeting  -  Cancer  Genetics  and  Tumor  Suppressor  Genes.  (1998)  p.23. 

Foimtain,  J.W.,  Karanjawala,  Z.,  Sridhar,  A.,  Chen,  L-L.,  Walker,  G.J.,  Ha)ward,  N.K.,  Welch,  D.R.,  Rice,  A., 
Kurera,  D.,  Yebha,  Y.,  Glendening,  J.M.,  Goldberg,  E.K.  Localization  of  melanoma  tumor  suppressor  genes  on 
chromosome  1 1  using  a  novel  method,  homozygosity  mapping  of  deletions  (HOMOD)  analysis.  Cold  Spring  Harbor 
Meeting  -  Cancer  Genetics  and  Tumor  Suppressor  Genes.  (1998)  p.61. 

Alessandrini,  A.  and  Welch,  D.R.,  Constitutively  active  MEKl  induces  metastatic  potential  in  NIH-3T3  cells. 
Journal  of  Biomolecular  Structure  and  Dynamics  (1998)  16:  149. 

Alessandrini,  A.  and  Welch,  D.R.  Transfection  with  constitutively  active  Mekl  confers  tumorigenic  and 
metastatic  potential  to  NIH-3T3  cells.  VII  International  Congress  of  the  Metastasis  Research  Society  (1998) 

Bamum-Huckins,  K.,  Cover,  C.,  Selmin,  O.,  Runyan,  R.,  Robertson,  G.,  Lugo,  T.G.,  Welch,  D.R.,  and  Nelson, 
M.A.  Chromosome  1  mediated  differential  gene  expression  in  malignant  melanoma.  American  Society  of  Human 
Genetics  (1998). 

Kiley,  S.C.,  Clark,  K.,  Welch,  D.R.,  and  Jaken,  S.  Dominant-negative  protein  kinase  C-6  inhibits  cytoskeletal- 
dependent  processes  in  metastatic  cells.  Lake  Placid  Symposium  (September  24-27,  1998;  Lake  Placid,  NY). 

Kiley,  S.C.,  Clark,  K.,  Welch,  D.R.,  and  Jaken,  S.  Dominant-negative  protein  kinase  C-6  inhibits  cytoskeletal- 
dependent  processes  in  metastatic  cells.  American  Society  of  Biochemistry  and  Molecular  Biology  -  Protein  kinase 
C  and  cellular  function  (October  9-12, 1998;  Lake  Tahoe,  CA). 

Goldberg,  S.F.,  Hopper,  J.E.  and  Welch,  D.R.  Protein  interactors  of  KiSSl,  a  suppressor  of  metastasis. 

Graduate  Student  Research  Forum  (March  12,  1999,  Hershey,  PA). 

Harms,  J.F.,  Goldberg,  S.F.,  Verderame,  M.F.,  and  Welch,  D.R.  C8161  melanoma  cells  suppressed  for 
metastasis  form  micrometastases  but  fail  to  proliferate.  Graduate  Student  Research  Forum  (March  12,  1999, 
Hershey,  PA). 

Alessandrini,  A.  and  Welch,  D.R.  Transfection  with  constitutively  active  Mekl  confers  tumorigenic  and 
metastatic  potential  to  NIH-3T3  cells.  Proceedings  of  the  American  Association  for  Cancer  Research  (1999)  40: 

1312. 

Verderame,  M.F.  and  Welch,  D.R.  Genetic  complementation  of  a  host-dependent  v-src  mutant  allele. 
Proceedings  of  the  American  Association  for  Cancer  Research  (1999)  40:  2453. 

Bamum-Huckins,  K.M.,  Cover,  C.,  Robertson,  G.,  Welch,  D.R.,  Selmin,  O.,  Nelson,  M.A.  Uniquely  expressed 
cDNAs  mediated  by  chromosome  1  in  tumorigenicity  suppressed  melanoma  cells.  Proceedings  of  the  American 
Association  for  Cancer  Research  (1999)  2122. 

Rieber,  M.,  Welch,  D.R.,  and  Rieber,  M.S.  Differential  gene  expression  associated  with  suppression  of 
metastatic  melanoma  cell  spreading  and  proliferation  on  adhesion-restrictive  substrates.  Proceedings  of  the 
American  Association  for  Cancer  Research  (1999)  491. 

Seraj,  Md.  J.,  Samant,  R.S.,  Verderame,  M.F.,  Hicks,  D.J.,  Sakamaki,  T.,  Hwang,  C.K.  Weissman,  B.E.,  and 
Welch,  D.R.  Identification  of  breast  cancer  metastasis-suppressor  genes  from  metastasis-suppressed  chromosome 
1  l/MDA-MB-435  hybrids.  Proceedings  of  the  American  Association  for  Cancer  Research  (1999)  40:  689. 

Goldberg,  S.F.,  Hopper,  J.E.  and  Welch,  D.R.  Protein  interactors  of  KiSS-1,  a  suppressor  of  metastasis. 
Proceedings  of  the  American  Association  for  Cancer  Research  (1999)  690.  [Recipient  of  Brigid  Leventhal 

WICR/AACR  Travel  Award] 

Welch,  D.R.  Genetic  regulation  of  cancer  metastasis.  8*  Annual  Meeting  of  the  Japanese  Association  for 
Metastasis  Research  (1999)  8:  36. 

Welch,  D.R.,  Harms,  J.F.,  Goldberg,  S.F.,  Meehan,  W.J.,  Seraj,  M.J.,  Leonard,  T.O.,  Samant,  R.S.,  Miele,  M.E., 
Lee,  J.H.,  Hicks,  D.J.  Identifying  and  characterizing  metastasis-suppressor  genes  in  human  cancer.  Proceedings  of 
the  First  BACT  International  Symposium  (1999)  1:  32-38. 

Welch,  D.R.,  Seraj,  M.J.,  Samant,  R.S.,  Leonard,  T.O.,  Harms,  J.F.,  Verderame,  M.F.  BrMSl  -  A  human  breast 
cancer  metastasis-suppressor  gene  encoded  on  chromosome  1  Iql3.1-ql3.2.  Clinical  Cancer  Research  5:66. 

Harms,  J.F.,  Goldberg,  S.F.,  Quon,  K.,  Welch,  D.R.  Metastasis-suppressed  C8161  melanoma  cells  arrest  in  limg 
but  fail  to  proliferate.  Proceedings  of  the  American  Association  for  Cancer  Research  (2000)  4i:  1462.  [Recipient  of 
Brigid  Leventhal  WICR/AACR  Travel  Award] 

Miele,  M.E.,  Goldberg,  S.F.,  Jewett,  M.D.  Welch,  D.R.  Characterization  of  a  40  megabase  region  on  the  long 
arm  of  human  chromosome  6  (Chr6)  harboring  a  putative  metastasis-suppressor  gene.  Proceedings  of  the  American 
Association  for  Cancer  Research  (2000)  5547. 
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Leonard,  T.O.,  Hicks,  D.J.,  Fountain,  J.W.,  Welch,  D.R.  Kail  suppresses  metastasis  and  tumor  growth  in  the 
human  metastatic  melanoma  cell  line  MelJuSo.  Proceedings  of  the  American  Association  for  Cancer  Research 
(2000)41:  58. 

Samant,  R.S.,  Seraj,  M.J.,  Meehan,  W.J.,  Harms,  J.F.,  Leonard,  T.O.,  Shevde,  L.A.,  Sakamaki,  T.,  Winter,  C.R., 
Verderame,  M.F.,  Welch,  D.R.  BrMSl  —  a  human  breast  carcinoma  metastasis-suppressor  gene.  Proceedings  of  the 
American  Association  for  Cancer  Research  (2000)  1053 

Samant,  R.S.,  Debies,  M.T.,  Seraj,  M.J.,  Verderame,  M.F.,  Welch,  D.R.  Genomic  organization  and 
chromosomal  localization  of  the  breast  metastasis  suppressor  gene  [BRMS 1].  Proceedings  of  the  American 
Association  for  Cancer  Research  (2000)  4i:  1461. 

Brown,  L.M.,  Welch,  D.R.,  Rannels,  D.E.,  and  Rannels,  S.R.  B16F10  melanoma  cell  metastasis  is  enhanced  to 
the  limgs  of  mice  subjected  to  partial  pneumonectomy.  Proceedings  of  the  American  Association  for  Cancer 
Research  (2000)  41:  4669. 

Saunders,  M.M.,  Seraj,  M.J.,  Yellowley,  C.E.,  Hoke,  A.,  Welch,  D.R.,  and  Donahue,  H.J.  Gap  junctional 
intercellular  communication  is  restored  in  metastasis-suppressed  breast  carcinoma  cells.  Proceedings  of  the 
Federation  of  the  Societies  of  Experimental  Biology  2000  (in  press). 

Samant,  R.S.,  Seraj,  M.J.,  Shevde,  L.A.,  Sakamaki,  T.,  Meehan,  W.J.,  Leonard,  T.O.,  Harms,  J.F.,  Winter,  C.R.., 
Debies,  M.T.,  Verderame,  M.F.,  and  Welch,  D.R.  BRMSl  -  a  novel  hiunan  breast  cancer  metastasis-suppressor 
gene.  3"“*  annual  regional  cancer  center  consortium  for  biological  therapy  of  cancer  (2000)  3:15. 

Seraj,  M.J.,  Samant,  R.S.,  Shevde,  L.A.,  Saunders,  M.M.,  Sakamaki,  T.,  Meehan,  W.J.,  Donahue,  H.J.,  Debies, 
M.T.,  Budgeon,  L.,  Leonard,  T.O.,  Harms,  J.F.,  Christensen,  N.D.,  Winter,  C.R.,  Verderame,  M.F.,  and  Welch,  D.R. 
BRMSl-  a  human  breast  cancer  metastasis  suppressor  gene  encoded  on  chromosome  1  Iql3.1-ql3.2.  Era  of  Hope  - 
Department  of  Defense  Breast  Cancer  Research  Program  Meeting  (2000)  1 :  111-112. 

PRESENTATIONS  AT  SCIENTIFIC  MEETINGS: 

2000  Tumor-host  interactions  in  cancer  metastasis,  Vm*  International  Congress  of  the  Metastasis  Research  Society, 
London  England  (9/25) 

BRMSl  -  a  human  breast  cancer  metastasis-suppressor  gene  encoded  on  chromosome  Ilql3.1-ql3.2.  Era  of 
Hope  DOD  Breast  Cancer  Research  Program’s  Meeting,  Atlanta,  GA  (6/9) 

Chromosome  6  blocks  growth  of  human  melanoma  metastases  at  the  secondary  site.  AACR  Special 

Conference  on  Melanoma:  Basic  Biology  and  Immunological  Approaches,  The  Woodlands,  TX  (5/6) 

Chromosome  6-melanoma  hybrids  spread  to  lung  but  do  not  proliferate.  Innovations  in  Biological  Therapy  of 
cancer  “2000"  3"^  Annual  regional  cancer  center  consortium  for  biological  therapy  of  cancer.  Presented  by 
S.  F.  Goldberg  (2/25). 

Strategies  to  elucidate  the  genetics  of  neoplastic  progression  and  metastasis.  Molecular  Aspects  of  Growth 
Control  and  Apoptosis,  Caracas  Venezuela  (1/27) 

In  vivo  and  in  vitro  methods  to  study  cancer  metastasis.  Molecular  Aspects  of  Growth  Control  and  Apoptosis, 
Caracas  Venezuela  (1/28) 

What  defines  a  clinically  useful  marker  of  cancer  metastasis?  Molecular  Aspects  of  Growth  Control  and 
Apoptosis,  Caracas  Venezuela  (1/29) 

1 999  Metastasis  overview  and  metastasis  genes.  Fall  Inland  Northwest  Cancer  Conference  -  Research  &  Clinical 
Practice:  Bridging  the  Gap  (11/6) 

Putative  Metastasis-suppressor  genes  in  human  melanoma,  AACR  Special  Conference  -  Molecular  Aspects  of 
Metastasis,  Snowmass,  CO  (9/23) 

Genes  controlling  metastasis  in  human  melanoma  and  breast  carcinoma,  Japanese  Association  for  Metastasis 
Research,  Tokyo  Japan  (5/24) 

Genetics  of  cancer  metastasis:  prospects  for  therapeutic  intervention  ,  1®*  International  BACT  Symposium/  lO* 
Annual  Symposium  on  the  Biological  Approaches  to  Cancer  Treatment,  Nagoya  Japan  (5/22) 

Identification  of  breast  cancer  metastasis-suppressor  genes  from  metastasis-suppressed  chromosome  II/MDA- 
MB-435  hybrids.  Integrative  Biosciences  Symposium,  State  College,  PA  (5/7) 

Host-tumor  interactions  in  cancer  invasion  and  metastasis:  Genetic  Implications.  American  Association  for 
Cancer  Research  Annual  Meeting  (4/14) 

Transfection  with  constitutively  active  MekI  confers  tumorigenic  and  metastatic  potential  to  NIH-3T3  cells, 
American  Association  for  Cancer  Research  Annual  Meeting  (4/12) 
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1998  Genetic  regulation  of  melanoma  and  breast  tumor  metastasis,  VII  International  Congress  of  the  Metastasis 

Research  Society,  San  Diego,  CA  (10/8) 

1 997  Suppression  of  human  breast  carcinoma  MDA-MB-435  tumor  growth  and  metastasis  by  KiSS-I,  An  Era  of 

Hope  (U.S.  Army  Medical  Research  and  Materiel  Command  -  Breast  Cancer  Program),  Washington,  D.C. 

(11/2) 

Identification  of  metastasis-suppressor  genes  in  human  cancer  50*  Annual  Symposiirai  on  Fundamental 
Cancer  Research,  M.D.  Anderson  Cancer  Center,  (10/31) 

Isolation  and  initial  characterization  ofKiSS-I,  a  human  metastasis-suppressor  gene.  Cold  Spring 

Harbor/Frederick  Cancer  Research  Center  Symposium  on  Cancer  Genetics  and  Tumor  suppressor  genes 
(6/13) 

1996  Identification  of  metastasis-controlling  genes  in  human  cancer,  W.  Alton  Jones  Symposimn  -  Mammary 

Tumor  Biology  (8/1 1) 

Identification  and  initial  characterization  of  a  human  melanoma  metastasis-suppressor  gene,  KiSS-1,  Gordon 
Research  Conference  on  Cancer  (8/5) 

1995  Molecular  mechanisms  of  melanoma  progression  Fifth  International  Congress  of  Anticancer  Research  (10/95) 

Tumor  cell  motility  in  the  metastatic  cascade  can  be  regulated  by  genes  on  chromosome  6.  2nd  International 
Congress  on  Clinical  Hemorheology  (7/95) 

Highly  metastatic  13762NF  rat  mammary  adenocarcinoma  clones  secrete  IL-3  or  GM-CSF  like  activity. 
American  Association  for  Cancer  Research  (3/22) 

1 994  Microcell-mediated  chromosome  transfer  as  a  method for  identifying  metastasis-suppressor  genes.  Fifth 
Congress  of  the  International  Metastasis  Research  Society,  Washington,  D.C.  (9/29) 

Features  distinguishing  cirrhosis  from  hepatocellular  carcinoma  by  fine  needle  aspiration.  Abendroth,  C.S., 
Grenko,  R.T.  and  Welch,  D.R.,  42nd  Annual  meeting  of  the  American  Society  of  Cytology,  Chicago,  IL 
(11/1) 

1 993  Suppression  of  metastasis  following  introduction  of  chromosome  6  does  not  correlate  with  SOD2  expression: 

Second  International  Chromosome  6  Mapping  Workshop.  Berlin,  Germany 
Genomic  instability  does  not  increase  as  tumor  cells  progress  toward  malignancy.  17th  Annual  UNC 
Lineberger  Cancer  Center  Symposium,  Chapel  Hill,  NC 
Mechanisms  of  Cancer  Spread,  Cancer  Research  in  the  Future:  Jake  Gittlen  Cancer  Research  Lecture,  Hershey, 
PA 

Enhancement  of  human  melanoma  metastasis  by  TNF-a  is  inhibited  by  antisense  ICAM-1  oligonucleotides. 
American  Association  for  Cancer  Research,  Orlando,  FL 

1992  Theoretical  Considerations  for  Drug  Targeting  in  the  Cancer  Patient,  United  Nations  Conference  on  the 
Molecular  Basis  for  Diagnosis  in  Human  Disease,  Caracas,  Venezuela 
Chromosome  6  Contains  a  Tumor  Progression  Suppressor  Gene  for  Human  Melanoma?  United  Nations 
Conference  on  the  Molecular  Basis  of  Diagnosis  in  Human  Disease,  Caracas,  Venezuela 

1990  TGF-P  Stimulates  Lung  Colonization  by  Rat  I3762NF Mammary  Adenocarcinoma  Clone  MTLn3.  American 

Association  for  Cancer  Research,  Washington,  DC 

Cytokine  Modulation  of  Intercellular  Adhesion  Molecule- 1  Surface  Expression  on  Human  Melanoma  Cells: 
Correlation  with  Adhesion  of  Peripheral  Blood  Leukocytes.  American  Association  for  Cancer  Research, 
Washington,  DC 

1988  Screening  Systems  for  Anti-invasive  and  Anti-metastatic  Drugs.  Bioassay-directed  Discovery  of  Anti-tumor 

and  Anti- viral  Agents  from  Natural  Sources.  NAIAD,  National  Institutes  of  Health,  Bethesda,  Maryland 
The  Use  of  Steroids  for  Preventing  Tumor  Angiogenesis.  Steroids  in  Cancer  Therapy,  Montreal,  Quebec 
Experimental  Metastatic  Potential  of  I3762NF Mammary  Adenocarcinoma  Cells  is  Modulated  by  Factors 
Secreted  by  Tumor  Cells.  Ontario  Metastasis  Research  Group,  Detroit,  Michigan 

1987  13762NF  Mammary  Adenocarcinoma  as  a  Model  of Metastasis.  National  Institutes  of  Health,  Bethesda, 

Maryland 

Tumor  Heterogeneity.  FASEB  Summer  Research  Conference  -  Cancer  Metastasis,  Saxton's  River,  Vermont 
Drug  Delivery,  Tumor  Biology  and  Drug  Targeting.  Anticancer  Therapy:  Therapeutic  Index  Improvement  by 
Toxicity  Reduction,  London,  England 

1986  DNA  Hypomethylation  Reduces  Repair  of  Sublethal  Radiation  Damage  by  13762NF Mammary 
Adenocarcinoma  Cells?  Upjohn  Biology  Symposium 
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Strategies  for  the  Treatment  and/or  Prevention  of  Tumor  Progression.  Treatment  of  Metastasis,  Trieste,  Italy 
Locally  Recurring  Mammary  Tumors  Exhibit  Sensitivities  to  Chemotherapy  Different  from  Primary  Tumors. 
Treatment  of  Metastasis,  Trieste,  Italy 

1985  Discussion  of  the  Suitability,  Availability  and  Requirements  for  In  Vivo  and  In  Vitro  Models  of Metastasis: 

Cellular  Instability  and  Heterogeneity.  Cancer  Metastasis:  Experimental  and  Clinical  Strategies, 
Kalamazoo,  Michigan 

1984  Simultaneous  and  Independent  Drift  of  Multiple  Phenotypes  in  Mammary  Adenocarcinoma  Cell  Clones. 

Treatment  of  Metastasis:  Problems  and  Prospects,  London,  England 
1983  Heterogeneity  and  Instability  of  Metastatic  Tumor  Cell  Response  to  Radiation  and  Chemotherapy  In  Vitro. 

Tissue  Culture  Association  -  Texas  Branch,  Spring  Meeting,  Houston,  Texas 
1982  Heterogeneous  Response  of  I3762NF Mammary  Adenocarcinoma  Clones  to  Gamma  Radiation  In  Vitro. 

Tissue  Culture  Association  -  Texas  Branch,  Spring  Meeting,  Houston,  Texas 
1981  Biological  and  Biochemical  Properties  of  Malignant  Sublines  and  Clones  of  a  Spontaneously  Metastasizing 

Mammary  Adenocarcinoma.  4th  Aimual  San  Antonio  Breast  Cancer  Symposium,  San  Antonio,  Texas 

INVITED  LECTURES: 

2000  Metastasis  suppressor  genes  in  human  cancer:  from  discovery  to  mechanism  of  action.  University  of  New 
Mexico  Health  Science  Center;  Steve  Schiff  Skin  Cancer  Research  Institute  (6/3) 

Metastasis  Suppressor  Genes  in  Human  Cancer,  Life  Sciences  Consortium  Graduate  Program  in  Nutrition, 
Penn  State  University,  February  15. 

Molecular  mechanisms  of  cancer  metastasis.  University  of  Rochester  Cancer  Center,  January  24 
Genetics  of  breast  cancer  metastasis,  Penn  State  Cancer  Center,  January  17 
1999  Molecular  regulation  of  metastasis  -  opportunities  for  clinical  intervention,  Genzyme  Inc.,  December  6 

New  targets  for  treating  cancer  -  metastasis  and  genomic  instability,  Coimcil  for  the  Advancement  of  Science 
Writing  Inc.,  November  8 

Genes  that  control  cancer  metastasis,  Pennsylvania  Cancer  Registry,  September  29 
Identifying  and  characterizing  human  metastasis-suppressor  genes.  Novartis  Pharma,  May  27 
Regulation  of  Metastasis  in  Human  Cancers,  University  of  Tokyo,  May  26 
So  You  Chose  a  Career  in  Science?,  Desert  High  School,  April  30 
Metastasis  suppression  in  human  cancer.  University  of  Chicago  Cancer  Center,  April  28 
Melanoma  Metastasis,  Wistar  Institute,  March  23 

How  do  I  know  what  specialty  to  do?  Christian  Medical  Society,  Penn  State  University,  March  1 8 
Update  on  the  genetics  of  cancer  metastasis.  Hematology/Oncology  Grand  Rounds,  Penn  State  Geisinger 
Health  System,  March  17 

Melanoma  Genetics,  Penn  State  Geisinger  Cancer  Center  Interdisciplinary  Conference,  March  15 
Tumor  angiogenesis  and  metastasis:  Therapeutic  options.  Pennsylvania  Society  of  Oncology  Nurses,  Hershey, 
PA,  February  24 

The  molecular  basis  of  human  melanoma  metastasis  (Co-lecturer,  S.F.  Goldberg),  Penn  State  Geisinger  Health 
System,  January  28 

1998  Cancer  Metastasis  —  Opportunities  for  Bioengineering  Research,  Penn  State  University,  December  8 

Molecular  mechanisms  controlling  cancer  metastasis.  University  of  Texas-Houston  Medical  School, 
November  18 

Cancer  Research  Update,  WLBR  Radio-Don  Bowman  Show,  August  17 

Molecular  regulation  of  melanoma  and  breast  carcinoma  metastasis.  Wake  Forest  University  Cancer  Center, 
July  28 

Molecular  mechanisms  controlling  melanoma  and  breast  carcinoma  metastasis.  University  of  Chicago  Cancer 
Center,  May  15 

Are  there  careers  available  for  me  in  cancer  research?  Penn  State  University  Continuing  Education,  Career 
Day,  May  5 

How  do  I  know  the  right  thing  to  do?  Christian  Medical  Society,  Penn  State  University,  May  1 
Molecular  basis  of  cancer  metastasis,  Massachusetts  General  Hospital,  March  1 8 
KiSS-I,  a  novel  human  metastasis-suppressor  gene,  Genzyme,  Inc.,  March  17 
1 997  Identification  and  characterization  of  human  metastasis-controlling  genes,  American  Health  Foundation, 
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December  5 

The  molecular  basis  of  cancer  metastasis  -  Spelman  College,  November  25 

KiSS-1,  a  human  metastasis-suppressor  gene.  University  of  Texas  System  Cancer  Center  -  Science  Park 
Research  Division,  October  30 

Breast  cancer  research  —  recent  findings,  Millersville  University,  October  14 
WLBR  Radio-Don  Bowman  Show,  Conquering  Cancer  with  a  Quarter-Research  Update,  August  19 
Identification  and  possible  mechanisms  of  action  of KiSS-1,  a  novel  human  metastasis-suppressor  gene. 
Pathology  Grand  Rounds,  University  of  Rochester,  May  30 
KiSS-1,  a  novel  human  metastasis-suppressor  gene,  Surgical  Grand  Roimds,  St.  Luke’s  Hospital,  Bethlehem, 
PA,  May  28 

Involvement  of  protein  kinase  C  isoforms  in  human  cancer  metastasis  control.  Endocrinology  Research 
Conference,  Penn  State  University  College  of  Medicine,  May  22 
1 996  Identification  and  initial  characterization  of  a  novel  human  melanoma  metastasis-suppressor  gene,  KiSS-I, 
Roswell  Park  Cancer  Institute,  December  1 1 

Identification  and  initial  characterization  ofKiSS-I,  a  novel  human  melanoma  metastasis-suppressor  gene 
M.D.  Anderson  Cancer  Center,  November  19 

Metastasis-suppressor  genes:  an  opportunity  for  therapeutic  intervention?,  American  Cancer  Society- 
Commonwealth  Division,  October  17 

Toward  a  molecular  understanding  of  melanoma  metastasis,  Penn  State  University  Bioengineering  Program, 
November  13 

Virology  In-service,  Penn  State  College  of  Medicine,  What  is  a  tumor  cell?,  August  22 
WLBR  Radio-Don  Bowman  Show,  Conquering  Cancer  with  a  Quarter-Research  Update,  August  20 
Penn  State  University  Cancer  Center,  Are  antisense  oligonucleotides  potentially  useful  for  melanoma  therapy?, 
June  17 

Penn  State  University  Cancer  Center,  Genetics  of  breast  cancer  metastasis,  April  15 

National  Institutes  of  Environmental  Health  Sciences,  KiSS-I,  a  novel  human  melanoma  metastasis-suppressor 
gene,  March  21 

University  of  North  Carolina-Chapel  Hill,  Lineberger  Cancer  Symposiiun,  KiSS-1,  a  novel  human  melanoma 
metastasis-suppressor  gene,  March  20 

Lower  Dauphin  Advanced  Placement  Biology  Classes,  Cancer  Research,  March  19 

Cell  and  Molecular  Biology  Graduate  Program,  Penn  State  University,  Novel  metastasis-suppressor  genes  in 
human  melanoma  and  breast  carcinoma,  March  6 

1995  Sandoz  Pharmaceutical  Research,  Novel  metastasis-suppressor  genes  in  human  cancer:  Therapeutic  potential, 
November  30 

Berlex  Pharmaceuticals,  Novel  metastasis-suppressor  genes  in  human  cancer:  Therapeutic  potential, 
November  13 

Department  of  Microbiology  &  Immunology,  M.S.  Hershey  Medical  Center,  Evidence  for  novel  metastasis- 
suppressor  genes  in  human  cancer,  September  28 

Department  of  Dermatology,  M.S.  Hershey  Medical  Center,  Genetics  of  malignant  melanoma  metastasis. 
August  3 

WLBR  Radio-Don  Bowman  Show,  Conquering  Cancer  with  a  Quarter-Research  Update,  August  22 
Mission  2000:  Breast  Cancer  Detection  and  Treatment  Goals.  District  Council-American  Cancer  Society 
Pennsylvania  Division,  May  10 

Lombardi  Cancer  Center,  Georgetown  University,  Toward  a  genetic  understanding  of  melanoma  metastasis, 
February  17 

Continuing  Education  Conference,  Evangelical  Free  Church  of  America,  Team-building/Small 
groups/Developing  Accountability  Relationships  February  4 
Institute  for  Christian  Education,  Developing  Your  Leadership  Style,  January  18-February  22 
1994  Reach  for  Recovery  Program,  American  Cancer  Society,  Breast  Cancer  Update,  November  10 
Christian  Medical  Society,  Penn  State  University,  Decision  making,  November  9 
W.  Alton  Jones  Cell  Center,  Molecular  mechanisms  controlling  melanoma  metastasis,  November  3 
University  of  Alabama-Birmingham,  Molecular  Basis  of  Cancer  Metastasis,  October  27 
Department  of  Biochemistry,  Penn  State  University,  Molecular  Mechanisms  of  Metastasis,  October  3 
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Division  of  Endocrinology,  Department  of  Medicine,  Penn  State  University,  Molecular  mechanisms  of 
Melanoma  Metastasis,  An  Update,  September  22 
Amgen,  Inc.  Regulation  of  Malignant  Melanoma  Cancer  Metastasis,  August  26 
WLBR  Radio-Don  Bowman  Show,  Conquering  Cancer  with  a  Quarter-Research  Update,  August  23 
Perry  PA,  American  Cancer  Society  Annual  Meeting,  May  25,  The  Role  ofVolunteerism  and  Contributors  in 
Cancer  Research 

Chester  PA,  American  Cancer  Society  Board  of  Directors  Meeting,  May  25,  The  Role  ofVolunteerism  and 
Contributors  in  Cancer  Research 

Genetic  &  Epigenetic  Factors  Regulating  Cancer  Metastasis,  Louisiana  State  University  Medical  Center, 
Shreveport,  April  19 

Malignant  Melanoma  Metastasis-associated  Genes,  ISIS  Pharmaceuticals,  April  7 

1993  Molecular  Biology  of  Skin  Cancers,  University  of  Innsbruck,  September  1 7 

Genetic  Basis  of  Melanoma  Metastasis,  Perm  State  University  Molecular  Biology  Club,  October  13 
Biophysical  properties  of  metastatic  cancer  cells,  Penn  State  University  Bioengineering  Program,  September 
23 

WLBR  Radio-Don  Bowman  Show,  Conquering  Cancer  with  a  Quarter-Research  Update,  August  17 
Schering-Plough  Pharmaceutical  Research,  Molecular  Basis  of  Cancer  Metastasis,  August  4 
DuPont-Merck  Research,  Cancer  Metastasis  as  a  Therapeutic  Target?,  May  3 
Lebanon  Valley  College,  Cancer:  To  be  or  not  to  be,  April  19 

American  Cancer  Society  Pennsylvania  Division,  April  1993,  Panel  Discussion  on  ACS  Research 
Johns  Hopkins  University  School  of  Medicine,  May  1 1,  Molecular  Basis  of  Cancer  Metastasis 
Lebanon  PA  American  Cancer  Society  Board  of  Directors  Meeting,  May  25,  The  Role  ofVolunteerism  and 
Contributors  in  Cancer  Research 
Lebanon  Valley  College,  April  19,  Cancer:  To  be  or  not  to  bel 

University  of  Texas-Health  Science  Center  at  Houston,  MD/PhD  Visiting  Lecturer,  April  1,  Molecular  Basis  of 
Tumor  Metastasis 

University  of  Texas-M.D.  Anderson  Cancer  Center,  April  2,  Genetic  Regulation  of  Melanoma  Metastasis 
Robert  Wood  Johnson  Pharmaceutical  Research  Institute,  February  1 1,  Multigene  control  of  cancer  metastasis. 

1 992  Medical  College  of  Virginia,  November  4,  Regulation  of  Cancer  Metastasis,  Grand  Rounds 
Medical  College  of  Pennsylvania,  June  9,  Regulation  of  Metastasis 
Michigan  Cancer  Foundation,  May  28,  Genetic  Basis  of  Metastasis 

University  of  California  -  Riverside,  May  14,  Regulation  of  Tumor  Progression  and  Metastasis 
Canji,  Inc.,  May  15,  Genetic  Regulation  of  Melanoma  Metastasis 
Osier  Institute,  May  25,  Pathology  of  Neoplasia 
Osier  Institute,  April  20,  Pathology  of  Neoplasia 

Cumberland  Unit,  American  Cancer  Society,  April  19;  Breast  Cancer  Research 
Ministerio  de  Sanidad  y  Asistencia  Social  (Caracas,  Venezuela),  February  5,  The  Use  of  Microcell 
Hybridization  to  Identify  Human  Melanoma  Metastasis  Suppressor  Genes 
Institute  Venezolano  de  Investigaciones  Cientificas,  February  3,  Paracrine  Factors  Regulating  Mammary 
Tumor  Metastatic  Potential 

1991  Burroughs  Wellcome  Co.,  April  25,  The  Genetics  of  Malignancy 

1 990  Department  of  Pathology,  Peimsylvania  State  University  School  of  Medicine,  March  26,  Genetic  and 
Epigenetic  Regulation  of  Tumor  Progression  and  Metastasis 
Beth  Israel  Hospital,  Harvard  Medical  School,  January  25,  Genetic  and  Epigenetic  Regulation  of  Tumor 
Progression  and  Metastasis 

1989  University  of  North  Carolina  at  Chapel  Hill,  December  8,  Genetic  and  Epigenetic  Control  of  Tumor 
Progression  and  Metastasis 

1988  Purdue  University,  October  4,  The  Potential  Role  for  Noncytotoxic  Treatments  of  Cancer  Metastasis 

University  of  Arizona  College  of  Medicine,  August  20,  Strategies  for  Controlling  Metastatic  Potential  and 
Tumor  Progression 

University  of  Minnesota,  May  12,  Strategies  for  Developing  Anti-invasive  and  Antimetastatic  Drugs 
University  of  Tennessee  College  of  Dentistry,  April  19,  Strategies  for  Developing  Antimetastatic  Drugs 

1987  Royal  Society  of  Medicine,  April  7,  Biologic  Considerations  for  Drug  Targeting  in  Cancer  Patients 
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Arizona  Cancer  Center,  October  28,  Designing  Cancer  Therapy  to  Account  for  Changes  in  Tumor 
Biology/Progression 

1986  Upjohn  Research  Colloquium,  October  15,  Characterization  of  Locally  Recurring  Mammary  Tumors 

Spelman  College,  October  22,  Strategies  for  Designing  Cancer  Therapy  to  Minimize  the  Effects  of  Tumor 
Progression  on  Cancer  Therapy 

Institute  for  Cancer  Research,  University  of  Vienna,  April  9,  Strategies  for  Minimizing  the  Effects  of  Tumor 
Progression  on  Cancer  Therapy 

University  of  Zagreb,  March  31,  Strategies  for  Minimizing  the  Effects  of  Tumor  Progression  in  Cancer 
Therapy 

Institute  for  Oncology,  March  28,  Strategies  for  Minimizing  the  Effects  of  Tumor  Progression  in  Cancer 
Therapy 

1985  Michigan  Cancer  Foundation,  January  25,  Mammary  Tumor  Progression:  Its  Role  in  Cancer  Treatment 

1983  Spring  Branch  Independent  School  District  Continuing  Education  Inservice  Course  in  Science,  August  1 5,  The 
Biology  of  Heart  and  Cardiovascular  Diseases 

University  of  Texas  Health  Science  Center,  Graduate  School  of  Biomedical  Sciences  Student  Research 
Symposium,  March  31,  Metastatic  Tumor  Cell  Heterogeneity  and  Instability 

Graduate  School  of  Biomedical  Sciences  High  School  Teacher's  Workshop,  March  23,  The  Biology  of  Heart 
Disease 

1982  University  of  Southern  California  Comprehensive  Cancer  Center,  December  29,  Effect  of  Tumor  Heterogeneity 
and  Progression  on  Cancer  Therapy 


What  Defines  a  Useful  Marker  of  Metastasis  in  Human 
Cancer? 

Danny  R,  Welch,  Carrie  W.  Rinker-Schaejfer 


In  this  issue  of  the  Journal,  O’Connell  et  2\.(1)  describe  the 
identification  of  a  region  on  the  long  arm  of  chromosome  14  that 
is  apparently  involved  in  the  progression  of  breast  cancer  toward 
metastasis.  Measuring  loss  of  heterozygosity,  the  investigators 
found  that  the  majority  of  lymph  node-negative  breast  tumors 
did  not  amplify  a  region  linked  to  D14S62  and  D14S51,  while 
lymph  node-positive  breast  tumors  retained  heterozygosity  for 
these  same  markers.  These  data  could  imply  the  existence  of  a 
metastasis-promoting  gene.  Alternatively,  the  observed  molecu¬ 
lar  changes  may  be  a  marker  of  metastatic  propensity. 

Since  metastasis  is  the  most  lethal  attribute  of  a  cancer,  it  is 
critical  that  tumors  be  diagnosed  while  still  localized  to  achieve 
the  highest  probability  of  long-term  survival  and  quality  of  life. 
In  the  absence  of  objective  evidence  that  metastases  do  not  exist, 
earlier  diagnosis  would  accomplish  three  things:  1)  increase  the 
probability  of  diagnosis  prior  to  spread,  2)  decrease  total  tumor 
burden  so  that  less  therapy  is  required,  and  3)  decrease  the 
likelihood  of  therapy-resistant  tumor  cell  populations. 

Detection  of  cancer  has  improved  appreciably  in  recent  years. 
However,  there  is  still  a  critical  need  for  markers  that  unam¬ 
biguously  distinguish  weakly  metastatic  from  highly  metastatic 
lesions.  This  concept  is  underscored  by  the  example  of  malig¬ 
nant  melanoma  where  there  is  a  direct  relationship  between  pri¬ 
mary  lesion  thickness  and  the  likelihood  of  metastasis  (2).  For 
lesions  that  are  overtly  thin  or  thick,  planning  treatment  is  easy. 
However,  for  lesions  of  intermediate  thickness,  the  decision  is 
not  straightforward.  The  subjectivity  of  the  current  grading  cri¬ 
teria  is  demonstrated  by  the  greater  than  50%  discordance  in  the 
diagnosis  and  staging  of  melanomas,  even  between  preeminent 
dermatopathologists  (3). 

Choosing  useful  markers  of  metastasis  requires  a  better  un¬ 
derstanding  of  the  metastatic  process  (Fig.  1)  and  of  how  it  is 
distinct  from  tumorigenicity.  Tumorigenicity  and  oncogenicity 
refer  to  the  ability  of  cells  to  proliferate  continuously  in  the 
absence  of  the  persistent  stimulation  by  a  triggering  agent.  Tu¬ 
mor  progression  is  the  evolution  of  already  tumorigenic  cells 
toward  increasingly  autonomous  states  (i.e.,  decreased  depen¬ 
dence  on  host-derived  growth  factors  and/or  increased  resistance 
to  negative  regulatory  molecules).  The  distinction  between  on¬ 
cogenesis  and  tumor  progression  is  critical  when  one  is  deter¬ 
mining  whether  a  gene  is  important  in  controlling  steps  associ¬ 
ated  with  malignancy  or  is  simply  involved  in  tumor  formation 
[reviewed  in  (4-6)].  Some  of  the  distinctions  between  malignant 
and  metastatic  are  more  subtle.  Attributes  of  malignant  cells 
include,  but  are  not  limited  to,  less  differentiated  morphology/ 
cytology,  vascular  density,  necrosis,  high  mitotic  index,  aneu- 
ploidy,  and  high  nuclear :  cytoplasmic  ratio  (7).  The  utility  of 
these  characteristics  as  markers  is  limited  by  some  degree  of 
subjectivity.  In  the  end,  the  only  incontrovertible  hallmark  of 
malignancy  is  the  ability  to  invade  through  basement  membrane 
and/or  to  metastasize. 

What  characteristics  define  a  suitable  marker  of  metastasis? 
In  general,  markers  fall  into  two  categories.  The  first  category 


predicts  metastatic  propensity  based  on  expression  and/or  activ¬ 
ity  of  a  molecule  with  an  established  role  in  metastasis.  For 
example,  matrix  metalloproteinases  would  be  expected  to  be 
more  highly  expressed  in  invasive  and  metastatic  tumors  than  in 
their  nonmetastatic  counterparts.  The  second  category  includes 
markers  for  which  there  is  no  established  mechanistic  associa¬ 
tion  with  metastasis.  This  category  includes  known  genes  with 
potentially  novel  functions,  novel  genes,  and  molecular  changes 
that  correlate  with  metastatic  ability.  The  markers  reported  by 
O’Connell  et  al.  fall  into  this  category,  as  do  the  vast  majority  of 
markers  utilized  today  [reviewed  in  (8,9)]. 

Each  of  these  categories  can  be  further  divided  on  the  basis  of 
on  whether  the  marker  is  increased  or  decreased.  This  criterion 
impacts  the  clinical  utility  of  the  marker.  Assay  sensitivity  for 
molecules  that  are  more  highly  expressed  in  metastatic  primary 
tumors  would  be  greater  than  for  those  expressed  at  lower  levels 
because  of  tumor  heterogeneity.  It  is  well  recognized  that  the 
majority  of  cells  within  a  tumor  cannot  complete  the  multistep 
process  of  metastasis.  Indeed,  less  than  0.1%  of  cells  entering 
the  bloodstream  successfully  form  clinically  detectable  lesions 
(7).  By  inference,  it  follows  that  a  similarly  small  percentage  of 
cells  within  a  primaiy  tumor  would  display  a  marker  of  metas¬ 
tasis.  Just  as  it  is  easier  to  see  a  single  lighted  candle  in  a  dark 
room  than  to  find  the  only  unlit  candle  in  a  room  full  of  lighted 
candles,  it  is  easier  to  identify  a  single  cell  expressing  a  new 
marker  against  a  background  of  nonexpressing  cells  than  it  is  to 
find  nonexpressing  cells  within  a  mass  of  cells  that  express  a 
particular  marker.  This  comparison  does  not  even  take  into  ac¬ 
count  quantitative  differences  in  expression,  which  would  fur¬ 
ther  complicate  the  matter.  For  this  reason,  identification  of 
metastasis-associated,  positive  regulators  would  be  preferred  by 
pathologists.  Examples  of  such  positive  regulators  include  vas¬ 
cular  endothelial  growth  factor,  Ras,  Mtsl,  Mtal,  and  Tiaml 
[reviewed  in  (5,10)]. 

From  experimental  and  treatment  perspectives,  however, 
identification  of  suppressors  of  metastasis  offers  advantages.  To 
metastasize,  cells  must  complete  all  steps  of  the  metastatic  cas¬ 
cade  shown  in  Fig.  1.  If  a  cell  fails  to  complete  any  of  these 
steps,  it  is  nonmetastatic.  Thus,  it  takes  only  one  gene  to  block 
metastasis,  whereas  it  takes  the  coordinated  expression  of  many 
genes  to  allow  metastasis  (6,11).  In  experimental  systems,  it  is 
fairly  easy  to  find  associations  with  metastatic  ability;  however, 
it  is  difficult  to  prove  that  a  particular  gene  is  essential.  For 
example,  if  one  were  to  transfect  a  bona  fide  metastasis- 
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Fig.  1.  Pathogenesis  of  he¬ 
matogenous  metastasis. 

Metastasis  is  defined  as  the 
formation  of  secondary  tu¬ 
mor  foci  at  a  site  discon¬ 
tinuous  from  the  primary 
tumor.  Metastases  can  form 
following  invasion  and  pen¬ 
etration  into  adjacent  tis¬ 
sues  followed  by  dissemi¬ 
nation  of  cells  in  the 
lymphatics,  blood  vascula¬ 
ture  (shown  here),  coelomic 
cavities,  or  epithelial  cavi¬ 
ties.  Metastatic  cells  arise 
within  a  population  of  neo- 
plastic/tumorigenic  cells  as 
a  result  of  genomic  instabil¬ 
ity.  This  subset  of  cells  has 
accumulated  mutations  in 
addition  to  those  that  have 
already  rendered  the  cells 
tumorigenic.  Metastasis- 
competent  cells  have 
evolved  so  that  they  detach 
and  migrate  away  from  the 
primary  tumor.  During 
transport,  cells  travel  indi¬ 
vidually  or  as  emboli  composed  of  tumor  cells  (homotypic)  or  of  tumor  cells  and  host  cells  (heterotypic).  At  the  secondary  site,  cells  or  emboli  arrest  either  because 
of  physical  limitations  (i.e.,  too  large  to  traverse  a  lumen)  or  by  binding  to  specific  molecules  in  particular  organs  or  tissues.  Once  there,  tumor  cells  then  proliferate 
either  in  the  vasculature  or  in  the  surrounding  tissue  after  extravasation.  To  form  macroscopic,  clinically  detectable  metastases  (on  the  order  of  mm),  cells  recruit 
a  vascular  supply.  To  form  clinically  important  metastases,  cells  must  complete  every  step  of  this  complex  cascade  and  proliferate  at  the  secondary  site  [Fig.  adapted 
from  (21)]. 
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promoting  gene  that  promoted  invasion  into  a  cell  that  already 
contained  a  defect  in  another  gene — say,  one  required  for  an¬ 
giogenesis — that  transfected  cell  would  still  be  nonmetastatic.  In 
contrast,  introduction  of  a  gene  that  disrupts  any  step  in  the 
metastatic  cascade  would  render  metastatic  cells  nonmetastatic. 
Thus,  from  a  treatment  perspective,  identification  of  metastasis¬ 
suppressing  genes/products  would  offer  the  greatest  advantage. 
To  date,  five  such  human  metastasis  suppressor  genes  have  been 
reported:  NMEl  (I2J3),  KiSSl  (I4J5),  KAIl  (16J7h  E- 
cadherin  (18J9),  and  MKK4  (20). 

It  must  be  emphasized  that  markers  can  be  clinically  useful 
even  if  their  biologic  function  is  not  well  defined.  Indeed,  we 
anticipate  that,  as  a  result  of  efforts  to  sequence  the  human 
genome,  there  will  be  numerous  molecular  markers  identified  in 
regions  that  have  not  previously  been  linked  to  gross  chromo¬ 
somal  changes.  This  concept  is  well  illustrated  by  the  report  by 
O’Connell  et  al.  (1).  The  immediate,  critical  concern  for  breast 
cancer,  as  well  as  for  other  cancers,  is  to  improve  the  ability  of 
the  pathologist  to  segregate  metastatic  from  nonmetastatic  le¬ 
sions  unambiguously.  If  it  is  certain  that  the  patient  does  not 
have  metastases  (even  occult  ones),  treatment  beyond  surgical 
removal  is  not  necessary.  However,  if  metastases  are  present, 
then  more  aggressive  treatments  must  begin.  As  with  most  is¬ 
sues,  decisions  are  more  difficult  when  the  evidence  is  not  clear 
(i.e.,  patients  with  no  evidence  of  macroscopic  metastases  but 
for  which  microscopic,  occult  metastases  are  suspected).  How 
are  those  patients  to  be  treated?  The  underlying  question  relates 
to  the  level  of  assurance  on  which  the  suspicions  are  founded.  In 
other  words,  how  confident  is  the  physician  that  the  marker 
accurately  reflects  tumor  stage?  The  goal  is  to  avoid  unneces¬ 
sary,  expensive  treatment,  which  often  comes  with  undesirable 
side  effects. 


As  efforts  continue  toward  the  identification  and  develop¬ 
ment  of  molecular  markers  of  metastasis,  we  should  heed  the 
experiences  that  tell  us  that  the  use  of  subjective  markers  of 
metastasis  leads  to  ambiguity.  In  addition,  the  complexity  of  the 
metastatic  process  suggests  that  multiple  markers  may  be 
needed. 
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Abstract 

Cellular  growth  and  differentiation  are  controlled  by  multiple  extra¬ 
cellular  signals,  many  of  which  activate  extracellular  signal-regulated 
kinase  (ERKVmitogen-activated  protein  (MAPj  kinases.  Components  of 
the  MAP  kinase  pathways  also  cause  oncogenic  transformation  in  their 
constitutively  active  forms.  Moreover,  expression  of  activated  ras  can 
confer  metastatic  potential  upon  some  cells.  Activation  of  MAP  kinases 
requires  phosphorylation  of  both  Thr  and  Tyr  in  the  catalytic  domain  by 
a  family  of  dual-specificity  kinases,  called  MEKs  (MAP  kinase/ERK  ki¬ 
nase).  MEK1  is  activated  by  phosphorylation  at  Ser^*^  and  by  Raf. 
Mutation  of  these  two  sites  to  acidic  residues,  specifically  [Asp^^®],  [Asp^^^ 
Asp^^^],  and  fGlu^‘^  GJu^^^J,  results  in  constitutively  active  MEKl.  Using 
these  mutant  variants  of  MEKl,  w'e  showed  previously  that  transfection  of 
NIH/3T3  or  Swiss  3T3  cells  causes  morphological  transformation  and 
increases  growth  on  soft  agar,  independent  of  ERK  activity.  The  trans¬ 
formed  cell  lines  show  increased  expression  of  matrix  metalloproteinases 
2  and  9  and  cathepsln  E,  proteinoses  that  have  been  implicated  in  the 
meta.static  process.  We  tested  NIH3T3  cells  transfected  with  the  [Asp^**^] 
or  [Asp^^^,  Asp-^^l  for  metastatic  potential  after  i.v.  injection  into  athymic 
mice.  Parental  3T3  cells  formed  no  tumors  grossly  or  histologically. 
However,  all  MEKl  mutant  transformants  formed  macroscopic  motasta- 
ses.  Thus,  like  activated  Ras,  MEKl  can  confer  both  tumorigenic  and 
metastatic  potential  upon  NIH3T3  cells.  These  results  refine  the  mecha¬ 
nism  through  which  ras  could  confer  tumorigenic  and  metastatic  potential 
{/>.,  the  critical  determinants  of  tnmorigenic  and  metastatic  potential  are 
downstream  of  MEKl). 

Introduction 

Components  of  the  MAP'^  kinase  signaling  pathways  (e,g„  gip2, 
Ras,  and  Raf)  cause  oncogenic  transformation  in  their  constitutively 
active  forms  (i).  Moreover,  expression  of  activated  ras  can  confer 
meta.static  potential  upon  some  cells  (reviewed  in  Ref.  2).  The  pur¬ 
poses  ot  this  study  were:  (a)  to  begin  to  ascertain  what  the  down¬ 
stream  electors  of  ras  transformation  and  ras-induced  metastatic 
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potential  are;  and  (h)  to  use  stable  Mekl  mutant  variants  to  address 
whether  ERKl/2  activity  is  essential  for  these  phenotypes. 

Expression  of  constitutively  active  MEKl  in  NIH3T3  fibroblasts 
results  in  cellular  transformation  (3).  Activation  of  MEK  I  is  accom¬ 
plished  by  phosphorylation  of  serines  at  positions  218  (S218)  and  222 
(S222;  Ref.  3),  To  create  constitutively  active  MEKI,  S218  and  S222 
were  mutated  to  aspartic  acid,  mimicking  the  phosphorylated/active 
state.  The  MEK  1 -activated  mutants  were  designated  DS  and  DD, 
where  DS  i.s  Asp2i8/Ser222  and  DD  is  A.sp218/Asp222.  DS  and  DD 
clonal  cell  lines  produced  colonies  when  grown  in  soft  agar,  an  in 
vitro  indicator  of  transformation.  However,  anchorage-independent 
growth  ^id  not  correlate  with  ERK  1/2  activity.  The  DS  (DS2  and 
DS4)  lines  exhibited  constitutively  active  ERK  1/2,  yet  yielded  fewer 
colonies  compared  with  DD  lines  (DDl  and  DD3),  which  had  basal 
ERK  1/2  activity.  These  data  .suggested  that  maintenance  of  transfor¬ 
mation  was  independent  of  ERK  1/2  activity. 

Recently,  Webb  et  al  (4),  using  various  ras  mutants,  showed  that 
although  tuinorigenicity  was  independent  of  E'RKi/2  activity,  metas¬ 
tasis  required  its  activation.  Therefore,  we  wanted  to  determine 
whether  clonal  cell  lines  that  we  established  previously  and  that 
exhibited  constitutive  or  basal  levels  of  ERKl/2  activity  could  also 
confer  tumorigenicity  and/or  metastatic  potential.  Our  data  show  that 
tumorigenic  and  metastatic  potentials  are  dependent  upon  MEK1 
activation  but  appear  to  be  independent  of  ERKl/2  activity. 

Materials  and  Methods 

Analysis  of  Metastatic  Potential  of  MEKl -transformed  Clonal  Lines. 
Single-cell  suspensions  of  DS  and  DD  were  made  in  ice-cold  HBSS  and  were 
injected  into  the  lateral  tail  veins  of  female  athymic  mice,  3-4  weeks  of  age, 
in  a  total  volume  of  0,2  ml/mouse.  Mice  were  killed  by  metho.xytlurane 
(Metofane:  Pitnian-Moore,  Wa,shington  Crossing,  Nl),  followed  by  cervical 
dislocation.  Complete  necropsies  were  performed,  and  metastases  were  quan¬ 
tified  as  described  (5).  Lung  metastases  were  counted  after  fixing  w'hole  lungs 
in  a  mixture  of  neutral  buffered  formalin  and  Bouin’s  fixative  (5:1).  Random 
4-6-^m  H&E-stained  sections  were  examined.  All  animal  studies  were  per¬ 
formed  according  to  the  guidelines  of  the  NIH,  and  protocols  were  approved 
by  the  institutional  Animal  Care  and  Use  Committee. 

Western  Blot  Lungs  were  isolated  27-41  days  after  i.v.  inoculation  from 
NIH3T3-,  DS-  and  DD-injected  athymic  mice.  The  tissue  wa.s  analysed  by 
Western  blotting  as  described  (3)  with  some  modifications.  Briefly,  lungs  were 
lysed  by  Dounce  homogenization  in  potassium  phosphate  buffer  [10  m.M  KPO4 
(pH  7.05).  1  mM  HDTA,  5  inM  EGTA,  10  mM  MgCU,  50  niM  jS-glycerophos- 
phate,  1  mM  sodium  vanadate,  1  mM  DTT,  0.5%  NP40,  0.1%  Brij-3.  1  mM 
phenylraethylsuifonyl  fluoride,  10  /xg/ml  leupeptin,  and  10  p;g/ml  pepsuicin 
A].  Lung  metastases  were  dissected  from  adjacent  normal  tissues  before 
further  processing.  Lysates  were  centrifuged  at  16,000  X  g  for  10  min. 
Supernatants  (40  ixg)  were  boiled  in  1 X  sample  buffer  [500  mM  Tris-HCl  (pH 
6.8),  10%  SDS,  20%  glycerol,  0.05%  bromphenol  blue,  and  1%  2-mercapto- 
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Fxa.  1.  Differential  activation  of  ERKl/2  by  conslituiively  active  MEKl  mutants. 
Western  blot  analysis  of  lysates  (40  fig)  from  MBKI -DS,  MEKl~DD,  and  NIH3T3  cells 
and  Uing  metastases  was  performed  with  phosphospecific>ERK.!/2  antibodies  {EHK-F). 
The  blot  was  stripped  and  reprobed  with  antibody  to  total  ERKI/2  protein  xERK)  to  assess 
equal  loading  of  lysaies. 


ethanol]  for  5  min  and  electrophoresed  on  a  10%  SDS  polyacrylamide  gel 
Proteins  were  then  transfeiTed  to  polyvinylidene  difluoride  Immobilon  mem¬ 
brane  (Millipore,  MA)  and  probed  with  phosphospccific  ERKI/2  antibody 
(New  England  Biolabs,  Beverly,  M,A)  at  a  dilution  of  hlOOri  al4X  overnight 
in  PBS  containing  04%  Tween  20  and  3%  BSA,  Membranes  were  then 
incubated  with  horseradish  peroxidase-conjugated  anti  rabbit  antibody  (Amer- 
sham)  at  a  dilution  of  1:2000  at  room  temperature  for  20  min,  and  the  signal 
was  detected  using  electrochemiluminescence  (ECl.,;  Amersham),  followed  by 
exposure  to  X-OMAT  AR  film  (Eastman  Kodak,  Rochester,  NY).  Biots  were 
stripped  and  reblotted  with  anli-ERKl/2  antibody  (C-14:  Santa  Cruz  Biotech¬ 
nology.  Biotechnology,  CA)  to  determine  equal  loading  of  samples.  Stripping 
was  accomplished  by  submerging  the  membrane  in  100  mM  2-mercapt.oetha- 
nol,  20%  SDS,  and  62.5  mM  Tris-HCI  (pH  6.7)  for  30  min  at  55^C,  followed 
by  washing  two  times  in  PBvS/0.1%  Tween  20  lor  10  min. 


Growth  in  Soft  Agar  and  on  Bacterial  Petri  Plates.  Cells  (1  X  10*^)  were 
plated  onto  60-mm  bacterial  Petri  plates  (Fisher  Scientific,  Pittsburgh,  PA)  oi 
tissue  culture  plates  (Coming.  Oneata,  NY)  and  examined  daily  for  gmwth  and 
proliferation  by  counting  total  cell  number  using  a  hemacytometer.  Hie  meth¬ 
ods  used  for  assessing  growth  on  bacterial  plates  were  identical  to  those  of 
Rieber  et  aL  (6).  Growth  in  soft  agar  was  done  as  described  (7,  8)  using  0.25% 
agar. 

Gelatin  Enzymography.  Hnzymography  was  done  by  speeding  cells 
(1.5  X  10%'ell)  in  a  i2-well  plate,  followed  by  incubation  at  3TC  for  24--  48 
h.  The  complete  medium  wa.s  then  removed  md  replaced  with  scrum-lVee 
medium,  and  the  cells  w^ere  incubated  at  3T'C  for  24  h.  The  next  day,  the 
supernatant  was  removed  and  spun  at  1500  rpm  for  10  min.  Samples  wete 
solubilized  in  electrophoresis  sample  buffer  containing  SDS,  absent  of  ^-mer- 
caplocthanoi.  Stimples,  normalized  to  volume  and  cell  number,  were  loaded 
onto  a  7.5%  SDS-PAGE  gel  containing  1  mg/ml  gelatin.  After  the  gel  was  mn, 
it  was  transferred  to  Triton  X-UXJ  and  incubated  for  1  h  at  room  temperature. 
It  was  then  incubated  in  reaction  buffer  for  24  h  at  11ie  gel  was  stained 
with  Coomassie  Blue  and  destained,  and  the  MMP2  and  MMP9  bands  were 
visualized. 

Results 

MEKl  Mutant  Clones  Grow  on  Adhesion-restricted  Sub¬ 
strates.  DS  and  DD  clones  were  shown  to  exhibit  difTerential 
ERKI/2  activation  (Fig.  1).  ERK  activation  levels  are  consistent  with 
those  presented  (3).  Also,  we  had  shown  previously  that  DS  and  DO 
clones  produced  transfonned  foci  on  tissue  culture  plastic  and  also 
produced  multicellular  colonies  in  soft  agar.  Both  properties  have 
been  correlated  with  transformation.  Recently,  Rieber  et  al  (6)  de¬ 
veloped  tm  assay  in  which  melanoma  cells  are  seeded  onto  bacterial 


Days  after  seedmg 


Pi.  ^  Growth  nuc.  of  MEK I  clonal  linc»  on  bncerinl  vmn.v  .issue  cul.uo,.  plates,  A.  cells  wore  grown  on  bacterial  (O, 
usingrNikrDiaphot  microscope  a.  X40.  B.  cells  were  counted  a.  the  days  indicated.  Numbers  nrpresent  the  values  from  three  wells,  ban.  St. 
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fable  1  MEKl  mutants  are  metastatic  after  Lv.  inoatlation  into  athymic  mice 

Results  are  shown  from  two  mdepemlent  experiments.  Single-cell  suspensions  of  cells  in  ice-cold  HESS  were  injected  into  the  lateral  tail  vein  of  3-4-week-old  female  athymic  mice 
0,2  ml/mou.se.  Upon  killing  by  anesthesia  with  Metohme  followed  by  cervical  di.slocation,  complete  necropsies  were  done.  Metastases  were  found  only  in  the  lunss. 
To  lacihtate  quantification,  lungs  were  placed  into  a  solution  of  neutral-buffered  formalin  and  Bouin^s  fixative  (i:5),  as  described  previously  (5).  Experiment  1  was  terminated  41  davs 

after  injection.  For  experiment  2.  mice  were  killed  27  days  after  injection. 


Cell  line 

No.  of  cells 
injected 

Incidence  of 
lung  metasta.ses 

No.  of  lung  metasta^es/mousc  Median  (range) 

Experiment  1 

NIH-3T3 

5.4  X  10*^ 

5.4  X  lO'^ 

0/8 

O(-) 

0^  0,  0.  0,  0,  0,  0,  0 

DDl 

6.6 

>250  <73,  >250) 

73: 147,  >250,  >250,  >250,  >250 

DS2 

5.4  X  1(P 

4/4 

>250 (-) 

>250,  >250.  >250.  >250 

Experiment  2 

NrH-3T3 

3  X  10^ 

0/8 

O(-) 

0.  0.  0,  0,  0,  0,  0.  0 

DDl 

3  X  10  *'' 

3  X  10^ 

3  X  10^ 

3  X  kP 

7/8 

.3.5  <0, 13) 

0.  2,  2,  .3,  4,  6,  H,  13 

DD3 

8/S 

>250 (-) 

>250,  >250.  >250.  >250,  >250,  >250,  >250,  >250 

DS2 

7/7 

28  (3, 48) 

3,  8,  23,  28,  36,  41,  48 

DS4 

7/7 

47(17,  136) 

17,23,30,47.49,71.  K36 

Petri  dishes.  Whereas  normal  me.lanocytes  undergo  anoikis  under 
these  conditions,  tumorigenic  cells  form  spheroid-like  masses  of  non- 
or  poorly  proliferating  cells.  In  contrast,  metastatic  melanoma  cell 
lines  adhere  to  the  dishes  and  proliferate  (6).  We  adapted  this  assay  for 
use  with  the  MEKl  clonal  variants. 

NIH3T3,  DS,  and  DD  cells  survdved  after  seeding  onto  the  bacterial 
plates.  All  of  the  cell  lines  tended  to  fonti  spheroid-like  structures  on 
the  bacterial  Petri  dishes  but  were,  as  expected,  spread  and  exhibited 
characteristic  fibroblast-like  morphology  on  tissue  culture  plastics 
(data  not  shown).  NIH3T3  cells,  which  are  immortal  but  not  tumor¬ 
igenic,  divided  once  on  the  bacterial  substrate.  DS2  and  DS4  cells 
underwent  between  2  and  3  cell  divisions  within  1  week  after  seeding, 
whereas  DDl  and  DD3  cells  grew  at  rates  similar  to  those  observed  on 
tissue  culture  plastic  (Fig.  2),  Both  DDl  and  DD3  cells  experienced  a 
lag  before  rapid,  exponential  growth.  We  have  yet  to  determine  the 
reasons  for  this  lag,  although  it  is  possible  that  the  cells  are  providing 
a  matrix  upon  which  proliferation  can  be  facilitated. 

MEKl  Mutant  Clones  Are  Tumorigenic.  On  the  basis  of  the  in 
vitro  transfomiation  phenotypes,  DS  and  DD  variaitts  were  analyzed 
for  their  ability  to  form  tumors  after  s.c.  injection  into  female  athymic 
mice.  Tumors  grew  rapidly  and  progressively,  detectable  within  7-14 
days  after  inoculation  with  I  X  10^’ cells.  Parental  NIH3T3  cells  failed 
to  produce  tumors  after  injection  into  mice. 

DS  variant  clones  exhibited  constitutively  active  ERKi/2  activity 
whereas  the  DD  clones  have  basal  levels,  yet  both  were  equally 
tumorigenic.  This  result  implies  that  tumorigenicity  is  independent  of 
ERK  activity.  This  conclusion  is  also  suggested  by  Webb  et  ai  (4), 
who  used  ra.s  transformants. 

DD  and  DS  Variants  Are  Metastatic.  Each  of  the  clonal  cell  lines 
expressing  constitutively  active  MEKl  formed  metastases  after  i.v. 
injection  into  the  tail  veins  of  athymic  mice.  Table  1  shows  data  from 
two  independent  experiments  in  w'hich  the  MEKl  clonal  lines  aggres¬ 
sively  colonized  mouse  lungs.  These  results  corroborated  and  ex¬ 
tended  previous  studies  that  showed  that  activated  ras  could  confer 
tumorigenic  and  metastatic  potentials  upon  NIH3T3  cells  (2).  Indeed, 
it  showed  that  at  least  some  portion  of  these  phenotypes  were  medi¬ 
ated  through  the  MAP  kinase  pathway  downstream  of  MEKl. 

On  average,  DD  metastases  were  slightly  but  not  significantly 
smaller  than  DS  lesions.  In  experiment  1,  i.v,  injection  of  5.4  X  10*^ 
DD  or  DS  cells  produced  >250  lung  metastases/mouse.  In  the  second 
experiment,  the  number  of  cells  injected  per  mouse  was  reduced  to 
3  X  10*"',  and  the  length  of  the  experiment  was  shonened  (27  days 
instead  of  41  days)  to  discriminate  potential  differences  more  easily. 
DS2  and  DS4  clones  that  exhibited  constitutively  active  endogenous 
ERKl/2  (Fig.  1)  yielded  an  average  of  28  and  47  lung  metastases. 
respectively  (Table  1).  DDl  and  DD3,  which  exhibit  only  basal 
ERKI/2  activity  when  compared  with  NIH3T3  ceils  (Fig. 


duced  an  average  of  5  and  >250  lung  metastases/mou.se,  respectively. 
Other  organs  did  not  support  metastatic  growth,  as  determined  by 
gross  observation  and  random  histological  sections.  Parental  N1H3T3 
cells  did  not  develop  metastatic  nodules  in  any  other  tissues.  These 
data  suggest  that  the  metastatic  potential  to  lung  of  the  MEKl  clonal 
lines  is  independent  of  initial  ERK  activity.  Metastases  resulting  from 
DS  and  DD  clones  exhibited  characteristics  consistent  with  highly 
invasive  and  poorly  differentiated  fibrosarcoma  (Fig.  3A). 

Development  and/or  Maintenance  of  DS  and  DD  Metastases 
Does  Not  Require  ERK  Activity.  Phospho- ERKi/2  activity  was 
measured  in  the  lung  metastases  isolated  from  mice  in  experiment  2, 
For  the  DD  and  DS  variants,  metastases  were  dissected  from  adjacent 
normal  tissue  to  minimize  the  impact  of  activities  within  the  stroma 
when  interpreting  the  results.  Dissection  was  particularly  easy  for  the 
DD3  metastases,  some  of  which  were  >3  mm  in  diameter.  Tlie  left  set 
of  lanes  in  Fig.  1  shows  that  lung  metastases  isolated  from  DS2-  and 
DS4-injected  mice  still  exhibited  both  ERKl  ^ind  ERK2  phosphoryl¬ 
ation.  In  contrast,  DDl -injected  mice  exhibited  phosphorylation  of 
ERKl,  but  DD3-injected  mice,  which  yielded  the  highest  number  of 
lung  metastases  >250),  showed  no  detectable  ERKl  phospho¬ 
rylation,  similar  to  that  observed  in  the  lungs  of  Nn:13T3- injected 
mice.  The  data  suggest  that  lung  colonization  is  independent  of  ERK 
activity.  This  finding  does  not  eliminate  the  possibility  that  ERK  is 
transiently  activated  during  transport  in  the  circulation  and/or  early 
colonization. 

DS  and  DD  Clones  Show  Increased  MMP2  and  MMP9  Activity, 

Using  gelatin  enzymography,  we  demonstrated  that  the  MEKl -trans¬ 
formed  clonal  lines  also  show  an  increase  in  the  levels  of  MMP2  and 
MMP9  (Fig.  35),  two  MMPs  that  have  been  implicated  in  metastasis 
(9).  SDS-PAGE  of  cell  culture  supernatants  from  DS  and  DD  variants 
also  revealed  increased  levels  of  a  ~39,0(X)  protein.  Isolation  and 
sequencing  of  this  protein  revealed  that  it  was  cathepsin  L.**  There¬ 
fore,  it  is  possible  that  MEKl  transformation  leads  to  the  production 
of  proteinases,  such  as  MMP2,  MMP9,  and  cathepsin  L,  that  contrib¬ 
ute  to  metastatic  potential. 

Discasslon 

The  molecular  basis  for  cancer  metastasis  has  not  been  fully  elu¬ 
cidated.  It  requires  the  coordinated  expression  of  multiple  genes  so 
that  cells  migrate  from  the  primary  tumor  mass,  enter  a  circulatory 
system,  survive  transport,  arrest  at  a  secondary  site,  and  respond  to 
proliferation  signals  at  the  secondary  site.  Both  positive  and  negative 
regulatory  effectors  have  been  identified  (reviewed  in  Ref.  10). 

Previous  studies  have  demonstrated  that  introduction  of  oncogenic 


^  Q.  Hon,  A.  Aiessandririi,  and  R.  Erik.son,  unpublished  data. 
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Fig.  3.  MEKl  clonal  lines  confer  meiasiatic  poteniial  in 
mice.  A,  histological  appearance  of  lung  metastases  from  mice 
that  were  i.v.>injecled  with  MBKl  dona!  lines  show  the  ap¬ 
pearance  fibrosarcomas.  H&E  stained  cross  sections  of  the 
lungs  are  shown.  X 150.  The  enhancement  of  metastasis  may  be 
attributable  to  increased  MMP2  and  MMP9  activhy  in  MEKl 
clonal  lines.  B.  eiuymography  using  gelatin  as  a  substrate  was 
performed  using  equal  loaditig  on  a  per  cell  basis. 


forms  of  the  ras  oncogene  confer  both  tumorigenic  and  metastatic 
potentials  upon  NIH3T3  cells.  These  results  implicated  events  down¬ 
stream  in  the  regulation  of  metastasis.  The  current  study  was  to  begin 
identifying  key  downstream  components  contributing  to  tumorigenic- 
ity  and  metastasis.  Toward  that  end,  constitutively  active  variants  of 
MEKl,  a  downstream  component  of  the  ras/MAPK  pathway  that  has 
been  shown  previously  to  lead  to  cellular  transformation,  were  used. 
Like  ras,  MEKl  transformants  of  NIH3T3  are  not  only  tumorigenic 
but  are  also  metastatic.  Thus,  our  results  refine  the  mechanism 
through  which  ras  can  confer  these  phenotypes  and  imply  that  the 
critical  determinants  are  dowmstream  of  MEKl. 

Recently,  Webb  et  al  (4)  used  ras  transfectants  U)  show  that  tumori- 
genicity  occurred  through  botli  Raf-dependent  and  -independent  path¬ 
ways.  In  contra.st,  metastatic  potential  in  their  model  correlated  with 
variants  that  were  able  to  activate  ERKl  activity.  Seven  to  9  weeks  alter 
injection  into  mice,  some  of  the  ras  transl^ecumts  (that  were  originally 
nonmetastatic)  farmed  lung  colonies.  This  implies  that  some  selection 
may  have  occuired,  and  the  authors  suggest  that  increased  expression  of 
the  Met  receptor  tyrosine  kinase  is  respimsible,  although  only  modest 
increases  in  HRKl/2  activity  was  obser\<'ed  in  these  variants.  Hepatoc^yte 
growth  factor,  the  ligand  of  the  Met  receptor,  can  induce  both  the  MEKl 
and  phosphatidylinositol  3-kinase  pathways,  leaving  the  possibility  that 
the  patliway  responsible  for  acquisition  of  metastasis  in  these  cells  is 
MEKl  imd/oY  phosphatidylinositol  3-kinase  dependent. 

Although  we  are  in  agreement  with  Webb  et  al  (4)  concerning 
tumorigenicity  and  how-  the  process  may  be  ERKl/2  independent, 
we  have  contrasting  results  regarding  metastatic  potential  and 
ERKl/2  activity.  This  discrepancy  may  be  attributable  to  the  fact 


transformants.  It  is  also  possible  that  MEKl -induced  transforma¬ 
tion  may  occur  through  a  pathway  that  is  distinct  from  that  ol  ras 
transformation  and  may  not  nece.ssarily  require  ERKl/2  activity  to 
maintain  transformation. 

The  current  results  are  consistent  with  those  in  which  we  showed 
previously  that  growth  in  soft  agar  is  independent  of  ERK  activity.  DS 
and  DD  have  varying  ERK  activity,  and  we  wanted  to  know  whether, 
in  fact,  metastasi.s  was  dependent  upon  the  level  of  ERK  activity. 
Western  blot  data  of  the  lung  metastases  show  that,  in  fact,  metastatic 
potential  is  independent  of  ERK  activity,  suggesting  that  the  signaling 
pathw'ay  diverges  dowmstream  of  MEK 1 ,  activating  as  yet  undefined 
components.  Although  the  downstream  components  have  yet  to  be 
identified,  we  do  know  that  these  clonal  ceil  lines  express  and  secrete 
the  proteinases  MMP2,  MMP9,  and  cathepsin  L. 

Expression  of  MMPs  has  been  correlated  with  metastatic  potential 
as  well  as  ERK,  c-Jun  NH^  kinase,  and  p38  kinase  pathways  (11), 
although  it  was  shown  previously  that  stimulation  of  the  MMP9 
promoter  by  ras  is  independent  of  MEKl,  requiring  multiple  tran¬ 
scription  factor  binding  sites.  Recently,  McCawley  e(  al  (1.2)  have 
shown  that  sustained  activation  of  ERK  led  to  increased  MMP-9 
activity  and  cell  migration  in  keratinocytes. 

Likewi.se,  increased  expression  of  cathepsin  L  has  been  correlated 
with  metu.static  potential  in  ras-transfected  cell  lines  {13).  As  f<>r  the 
MMPs,  higher  expression  and  activity  of  cathepsin  L  could  lead  to 
higher  efficiency  penetration  of  physiological  barriers  or  increased 
cathepsin  L  can  be  involved  in  tumor  cell  evasion  of  immune  response 
by  cleavage  of  the  third  component  of  complement  (14). 

In  conclusion,  the  results  presented  here  refine  one  pathway  in¬ 
volved  in  the  regulation  of  metastasis  by  demonstrating  that  mediators 


that  we  specifically  analyzed  MEKl  tran.sformants  and  not  ras 
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downstream  of  MEKl  are  involved.  Moreover,  the  results  imply  that 
ERKl/2  activity  are  not  essential  for  the  development  and/or  main¬ 
tenance  of  metastatic  foci. 
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Abstract 


This  review  overviews  recent  data  describing  the  genetic  underpinnings  of  the  suppression  of  cancer 
metastasis.  Despite  the  explosion  of  new  information  about  the  genetics  of  cancer,  only  six  human  genes 
have  thus  far  been  shown  to  fiinctionally  suppress  metastasis.  Not  all  have  been  shown  functional  in 
breast  carcinoma.  Several  additional  genes  have  been  shown  to  inhibit  various  steps  on  the  metastatic 
cascade,  but  do  not  necessarily  block  metastasis  when  tested  using  in  vivo  assays.  The  implications  of  this 
are  discussed.  However,  two  recently  discovered  metastasis  suppressor  genes  block  proliferation  of  tumor 
cells  at  a  secondary  site,  offering  a  new  target  for  therapeutic  development. 

Introduction 

Colonization  of  distant  tissues  by  tumor  cells  represents  the  most  dangerous  attribute  of  cancer. 
When  breast  carcinomas  remain  confined  to  breast  tissue,  cure  rates  exceed  90%.  Yet,  as  cells  spread, 
long-term  survival  decreases  depending  upon  the  extent  of  and  the  sites  of  colonization.  Metastases  in 
visceral  organs  and  brain  are  the  most  life-threatening,  with  5-year  survival  rates  usually  less  than  20% 
[1].  Thus,  in  order  to  increase  survival,  prevention  of  metastasis  and  more  effective  treatment  of  already 
established  metastases  are  necessary.  Both  will  be  possible  only  after  we  have  a  more  thorough 
understanding  of  the  biological,  biochemical  and  molecular  basis  of  cancer  spread.  While  the  focus  of  this 
review  will  be  on  the  genes  regulating  metastasis,  we  will  briefly  review  the  context  under  which  those 
genes  operate. 

Metastasis  is  defined  as  the  progressive  growth  of  cells  at  a  site  discontinuous  from  the  primary 
tumor.  The  route  of  spread  is  irrelevant  in  this  definition.  Cells  can  disperse  via  blood  vasculature, 
lymphatics  or  within  body  cavities.  Metastatic  cells  are  a  specialized  subset  of  tumor  cells  within  a 
primary  tumor  mass  that  have  acquired  the  ability  to  complete  the  multistep  metastatic  cascade  (reviewed 
in  [2-7]).  In  brief,  these  celts  migrate,  disseminate,  extravasate  and  eventually  proliferate  at  a 
discontinuous  secondary  site(s).  If  a  cell  fails  to  complete  any  step  in  the  metastatic  cascade,  then  it  is  not 
metastatic. 
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Failure  to  metastasize  can  be  due  to  inherent  deficiencies  within  tumor  cells  themselves  (i.e., 
genetics)  or  to  defective  responses  to  the  host  environment  (i.e.,  epigenetics).  This  concept  is  not  new. 
Indeed,  Stephen  Paget  advanced  the  notion  over  a  century  ago  when  he  documented  the  nonrandom 
distribution  of  breast  carcinoma  metastases  [8].  Paget’s  explanation  was  that  the  tumor  cell  or  “seed” 
would  grow  only  when  cultivated  in  an  appropriate  organ  or  “soil.”  His  agrarian  analogy  seems  quaint  in 
this  era  of  molecular  biology  and  genomics,  but  the  fundamental  principle  has  withstood  the  test  of  time  - 
formation  of  metastasis  depends  upon  interaction  between  tumor  cells  and  host  cells.  Recently,  some  of 
the  molecules  responsible  for  organ-specific  colonization  have  begun  to  be  elucidated  [9-13]. 

Several  questions  arise  when  one  contemplates  studies  of  breast  cancer  genetics,  particularly  as 
related  to  metastasis.  How  can  one  expect  to  define  the  genetic  or  biochemical  basis  of  metastasis  when  it 
is  clear  that  multiple  genes  and  proteins  are  involved?  And  what  can  be  done  to  compensate  for  the 
genomic  instability  associated  with  tumor  progression?  In  other  words,  are  we  hunting  a  moving  target? 
Are  the  same  genes  responsible  for  controlling  metastasis  in  different  histologic  types  of  breast  carcinoma 
(i.e.,  infiltrating  ductal  vs.  lobular  carcinoma)?  How  does  one  identify  metastasis-associated  genes  when 
environmental  context  is  so  important? 

Historically,  the  experimental  approach  to  answering  these  questions  has  been  reductionist  -  mimic 
metastasis  component  steps  (e.g.,  proliferation,  adhesion,  invasion,  angiogenesis,  evasion  from  immune 
cell  killing,  etc.)  in  vitro  and  study  the  gene(s)  and  protein(s)  responsible  for  controlling  each  step.  This 
^proach  has  led  to  a  tremendous  understanding  of  fine  molecular  detail  for  each  step,  but  translation  to 
clinical  utility  has  been  limited  for  the  reasons  outlined  below.  Nonetheless,  the  genetic  underpinnings  are 
being  elucidated  and  fimdamental  biological  understanding  of  the  metastatic  process  is  being  unraveled. 

Oncogenesis  and  tumor  progression  are  related,  but  distinct,  phenotypes 

One  area  of  major  confusion  regarding  metastasis-associated  genes  has  been  the  failure  by  some  to 
recognize  the  important  distinction  between  tumor  formation  and  metastasis.  Tumorigenesis  and 
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oncogenesis  refer  to  a  cell’s  ability  to  proliferate  continuously  in  the  absence  of  persistent  stimulation  by 
the  triggering  carcinogenic  agent(s).  Tumor  progression  is  the  evolution  of  already  tumorigenic  cells 
(populations)  towards  increasing  malignancy.  The  distinction  is  cmcial  when  asking  whether  a  gene  is 
important  in  controlling  steps  associated  with  malignancy  as  compared  to  whether  that  gene  is  involved  in 
tumor  formation. 

The  distinction  between  malignant  and  metastatic  is  more  subtle.  Pathologists  characterize 
malignancy  based  upon  several  morphologic  attributes  including:  less  differentiated  cytology,  vascularity, 
necrosis,  mitotic  index,  aneuploidy,  and  nuclear:cytoplasmic  ratio.  The  incontrovertible  hallmarks  of 
malignancy  are  invasion  of  cells  though  a  basement  membrane  and/or  metastasis.  All  other  characteristics 
used  to  label  a  tumor  (and  the  cells  within  it)  as  malignant  have  exceptions  [  14].  For  example, 
morphologically  indolent  cells  may  bebehaviorally  malignant  and  vice  versa.  Clearly,  parameters 
associated  with  pathologic  examination  are  invaluable  when  predicting  the  probability  for  local,  regional 
or  distant  recurrence  in  a  clinical  setting  [15],  but  they  are  limited  with  regard  to  cause-effect 
relationships  for  genes. 

In  the  context  of  a  multistep,  multigenic  cascade,  it  is  critical  to  recognize  that  the  terms  invasiveness 
and  adhesion  are  not  equivalent  to  metastatic  propensity.  Both  invasion  and  adhesion  are  necessary,  but 
not  sufficient  for  metastasis.  Cells  that  are  efficient  at  either  or  both  —  but  which  lack  the  ability  to 
complete  any  other  step  of  the  metastatic  cascade  —  are  nonmetastatic  [16].  Therefore,  correlations  of 
genetic  expression  to  a  particular  step  in  the  metastatic  cascade  may  lead  to  erroneous  conclusions.  This 
can  occur  in  two  directions.  Inhibition  of  a  step  in  metastasis,  such  as  invasion,  does  not  necessarily 
translate  to  complete  inhibition  of  metastasis  in  vivo.  Likewise,  at  least  two  recent  papers  demonstrate  that 
nonmetastatic  cells  exhibit  equal  invasiveness  (and  a  variety  of  other  parameters)  to  their  metastatic 
counterparts  [17;  18].  The  implication  is  simple  -  in  vitro  assays  are  not  sufficient  surrogates  of  metastasis 
to  be  100%  predictive. 

Taken  together,  these  points  emphasize  the  importance  for  distinguishing  each  of  these  phenotypes. 
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Tumor  suppressor  genes  dominantly  inhibit  tumor  formation  when  wild-type  expression  is  restored  in  a 
neoplastic  cell.  By  definition,  then,  metastasis  would  also  be  suppressed  (since  the  cells  are 
nontumorigenic).  Metastasis-suppressor  genes,  on  the  other  hand,  block  only  the  ability  to  form 
metastases.  Restoring  expression  of  a  metastasis-suppressor  would  yield  cells  which  are  still  tumorigenic, 
but  which  are  no  longer  metastatic.  From  experimental  and  treatment  perspectives,  identification  of 
suppressors  of  metastasis  is  much  simpler  than  identifying  metastasis-promoting  genes.  This  is  because  it 
takes  only  one  gene  to  block  metastasis,  whereas  it  takes  the  coordinated  expression  of  multiple  genes  to 
allow  metastasis.  In  experimental  systems,  it  is  fairly  easy  to  find  associations  wifli  metastatic  ability; 
however,  it  is  difficult  to  prove  that  a  particular  gene  is  essential.  For  example,  if  one  were  to  transfect  a 
bona  fide  metastasis-promoting  gene  (i.e.,  one  that  promotes  invasion)  into  a  cell  that  already  contains  a 
defect  in  another  gene  (for  instance,  one  required  for  angiogenesis),  then  the  transfected  cell  would 
remain  nonmetastatic.  In  contrast,  introduction  of  a  gene  that  disrupts  any  step  in  the  metastatic  cascade 
would  render  cells  nonmetastatic. 

We  recently  reviewed  the  literature  in  breast  cancer  and  found  that  differential  expression  of  over 
150  genes  had  been  correlated  with  breast  cancer  development  and/or  progression  [19].  To  date,  however, 
only  six  human  metastasis  suppressor  genes  have  been  demonstrated  to  have  fiinctional  activity  using  in 
vivo  metastasis  assays:  NMEl  [20;21],  KiSSl  [22;23],  KAIl  [24;25],  E-cadherin  [26;27],  BRMSl  [28] 
and  MKK4  [29].  Below  we  will  summarize  the  key  information  related  to  the  discovery,  activity  and 
mechanisms  of  action  of  these  metastasis  suppressor  genes. 

Nm23 

The  first  cloned  metastasis-suppressor  gene,  Nm23,  was  identified  in  the  murine  K1735  melanoma 
using  subtractive  hybridization  because  its  expression  was  inversely  correlated  with  lung  colonization. 
The  human  homolog,  Nm23-Hl  [also  known  as  NMEl],  exhibits  decreased  expression  many,  but  not  all, 
late-stage,  metastatic  human  cancers  (reviewed  in  [20;30]).  Decreased  expression  is  the  key  parameter 
determining  metastatic  potential  and  may  occur  by  a  variety  of  mechanisms  not  necessarily  loss  of 
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heterozygosity  (LOH)  [30].  Long-term  prognostic  value  has  been  questioned  in  some  studies  [3 1;32]. 
Nonetheless,  NMEl  is  a  bom  fide  metastasis-suppressor  gene  in  human  breast  carcinoma  since 
transfection  of  metastatic  MDA-MB-435  cells  suppressed  metastasis  from  an  orthotopic  site  in  an 
experimental  mouse  model  [33].  Transfection  into  other  cell  lines  has  also  resulted  in  metastasis 
suppression  [reviewed  in  [30]],  including  the  human  breast  carcinoma  cell  line  MDA-MB-435  and  the  rat 
mammary  adenocarcinoma  MTLn3.  In  vitro  assays  of  control-  and  Nm23  transfectants  have  consistently 
pointed  to  decreased  motility,  invasion  and  colonization. 

The  mechanism  of  action  for  Nm23  remains  unknovm.  Nm23  is  a  member  of  the  nucleoside 
diphosphate  (NDP)  kinase  family  of  proteins  [34].  NDP  kinases  are  ubiquitous  and  catalyze  the  transfer 
of  y-phosphates,  via  aphosphohistidine  intermediate,  between  nucleoside  and  deoxynucleoside  tri-  and 
diphosphates.  However,  the  NDP  kinase  activity  can  be  dissociated  from  its  metastasis-suppressor 
function  [35;36].  Some  recent  reports  suggest  that  NMEl  may  control  cell  cycle  progression  [37], 
histidine-dependent  protein  phosphorylation  [38;39]  and  transcription  [34;40].  TheNm23  story  becomes 
more  complicated  because  five  additional  family  members  have  recently  been  identified  and  cloned 
(Nm23-H2/NME2,  Nm23-DR,  Nm23-H4,  Nm23-H5  andNm23-H6).  Only  NME2  has  been  tested  for  its 
role  in  metastasis  and  the  results  are  controversial  [41-47]. 

KiSSl 

Metastasis  of  human  melanoma  cell  lines  C8161  and  MelJuSo  is  inhibited  following  introduction  of 
an  intact  human  chromosome  6,  but  tumorigenicity  is  unaffected  [48;49].  KiSSl  was  cloned  following 
subtractive  hybridization  of  comparing  mRNA  expression  in  chromosome  6-C8161  and  parental  C8161 
cells.  Preliminary  data  using  cell  lines  indicates  that  KiSSl  expression  is  lost  as  melanoma  cells  convert 
from  radial  to  vertical  growth  phase  (benign  to  malignant  transformation)  [22],  but  more  extensive 
clinical  studies  have  been  slowed  due  to  lack  of  suitable  antibodies. 

Since  KiSSl  maps  to  chromosome  lq32  [22;50]  and  since  deletions  and  rearrangements  of  the  long 
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arm  of  chromosome  1  have  been  associated  with  breast  cancer  progression  [  19],  we  tested  whether  KiSS  1 
would  suppress  metastasis  of  the  human  breast  ductal  carcinoma  cell  line  MDA-MB-435  which  do  not 
express  KiSS  1 .  Transfection  resulted  in  suppression  of  metastasis  from  the  mammary  fat  pad  of  athymic 
mice;  whereas,  vector-only  transfectants  were  unaffected  [51].  Likewise,  tumorigenicity  was  not 
suppressed. 

The  mechanism  of  action  for  KiSSl  has  not  yet  been  determined  although  its  ability  to  suppress 
metastasis  has  been  demonstrated  in  six  independently-derived  human  cancer  cell  lines  of  melanoma  and 
breast  origin  [22;23;51].  Based  upon  the  cDNA  sequence,  the  predicted  KiSSl  protein  would  be  a 
hydrophilic,  164  amino  acid  protein  with  molecular  mass  of  15.4  kDa.  The  sequence  is  novel,  having  no 
strong  homology  to  any  known  human  cDNA  sequences.  A  recent  report  suggests  that  KiSSl  may 
differentially  regulate  MMPs.  Yan  and  Boyd  recently  showed  that  KiSSl -transfected  HT1080  cells 
showed  specific  downregulation  of  MMP9  transcription  while  MMP2  transcription  remained  unchanged 
[52]. 


Kail 

Kail  (also  known  as  CD82  or  C33)  is  a  member  of  the  tetraspanin  superfamily  (TM4SF)  of  adhesion 
molecules  and  was  recently  discovered  as  a  prostate  cancer  metastasis-suppressor  gene  mapping  to 
chromosome  1  Ipl  1.2-pl3  [53;54].  Kail,  like  other  members  of  the  TM4SF  family  has  been  associated 
with  metastatic  potential  of  non  small-cell  human  lung,  liver,  pancreatic  bladder,  breast,  prostate  and 
esophageal  carcinomas  and  melanomas  [reviewed  in  [55]].  Down-regulation  of  iheKAIl  is  observed 
during  the  progression  of  human  prostatic  cancer,  but  mutations  or  allelic  loss  do  not  appear  to  be  the 
major  means  for  alteration.[56].  Mechanisms  in  other  tumor  types  have  not  been  so  extensively  evaluated. 

The  role  of  Kail  in  breast  cancer  metastasis  has  been  implicated  by  several  studies.  Kail  mRNA 
expression  progressively  decreased  in  a  panel  of  human  cell  lines  representing  a  continuum  from  nearly 
normal  breast  cells  (MCFIOA)  to  highly  metastatic  cells  (MDA-MB-435)  [57].  Transfection  of  Kail  into 
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MDA-MB-435  cells  suppressed  metastasis  from  the  mammaiy  fat  pad  [25].  However,  the  cell  lines  did 
not  maintain  transgene  expression  levels  following  in  vivo  growth. 

The  mechanism  of  action  of  Kail  is  not  completely  understood.  Several  preliminary  reports  suggest 
that  expression  of  Kail  decreases  the  both  the  invasiveness  and  motility  of  cells  in  vitro  [58;59].  These 
studies  also  showed  that  KAIl  transfectants  exhibited  enhanced  Ca'^-independent  aggregation  suggesting 
that  KAIl  might  alter  cell-cell  interactions. 

E-cadherin 

E-cadherin  is  a  cell  surface  glycoprotein  involved  in  calcium-dependent  cell-cell  adhesion.  Reduced 
levels  of  E-cadherin  are  associated  with  decreased  adhesion  and  increased  grade  of  epithelial  neoplasms 
while  increased  E-cadherin  expression  (induced  by  transfection)  decreases  motility  and  invasiveness  [60]. 
Mutations  of  E-cadherin  and  the  associated  protein  a-catenin  have  been  associated  with  acquisition  of  the 
invasive  phenotype  [61].  High  E-cadherin  levels  inhibit  shedding  of  tumor  cells  from  the  primary  tumor; 
thus,  E-cadherin  is  considered  a  metastasis-suppressor  [26;61-64].  However,  there  is  also  evidence  that  it 
can  function  as  a  tumor  suppressor  gene  [27;61;62]. 

A  specific  role  for  E-cadherin  in  breast  cancer  progression  has  not  yet  been  established.  However, 
mutations  were  detected,  using  PCR  single  strand  conformation  polymorphism  assays,  in  lobular 
carcinomas  [65;66].  Interestingly,  infiltrating  ductal  and  medullary  breast  carcinomas  showed  few 
mutations.  This  highlights  the  point  made  above  about  lumping  all  tumors  together. 

It  has  even  been  suggested  that  E-cadherin  function  could  be  restored  by  treatment  with  Tamoxifen 
[67],  but  whether  this  takes  place  in  a  clinical  setting  has  not  been  explored  to  our  knowledge. 

BRMSl 

Introduction  of  a  normal,  neo-tagged,  human  chromosome  1 1  into  MDA-MB-435  suppressed 
metastasis  without  affecting  tumorigenicity  [68],  leading  to  the  hypothesis  that  a  metastasis-suppressor 
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gene(s)  is  encoded  on  chromosome  1 1.  Differential  display  was  performed  to  identify  those  genes  and  a 
novel  gene,  BRMSl  (Breast  Metastasis  Suppressor  1)  was  cloned  [69].  Transfection  into  MDA-MB-435 
and  MDA-MB-23 1  breast  carcinoma  cell  lines  suppressed  metastasis  without  affecting  tumorigenicity  in 
a  mouse  model.  The  gene  mapped  to  1  Iql3.1-ql3.2,  a  region  frequently  altered  in  late-stage  breast 
carcinoma.  Following  transfection,  BRMSl  restored  gap  junctional  intercellular  communication  between 
cells  whereas  vector-only  transfectants  still  did  not  communicate  in  this  manner.  BRMSl  transfectants 
were  also  significantly  suppressed  for  motility  in  vitro  .  No  data  regarding  expression  or  mutation  patterns 
in  human  cancers  yet  exists. 

MKK4 

The  introduction  of  a  discontinuous  ~70  cM  portion  of  human  chromosome  17  significantly 
suppresses  the  metastatic  ability  of  AT6.1  rat  prostate  cancer  cells  without  affecting  tumorigenicity  [18]. 
AT6. 1  cells  containing  the  ~  70  cM  region  escape  from  the  primary  tumor  and  arrest  in  the  lung  but  are 
growth  inhibited  unless  the  metastasis-suppressor  region  is  lost  [18].  A  combined  differential  expression 
and  candidate  gene  ^proach  identified  the  mitogen-activated  protein  kinase  kinase  4/stress-activated 
protein/Erk  kinase  1  {MKK4/SEK1)  as  a  candidate  metastasis-suppressor  gene  encoded  by  the  ~  70  cM 
region  [29].  Transfection  of  an  MKK4/SEK1  expression  constract  significantly  suppressed  metastasis 
without  affecting  primary  tumor  growth.  In  vivo  studies  showed  that  AT6.1  cells  expressing  the 
MKK4/SEK1  transgene  recapitulate  the  dormant  phenotype  conferred  by  the  ~70  cM  region  of 
chromosome  17  [29]. 

Previous  studies  had  identified  MKK4/SEK1  as  a  candidate  tumor  suppressor  gene  [reviewed  in 
[29]].  These  studies  identified  homoaygous  deletions  and  other  inactivating  mutations  in  MKK4/SEK1  in 
a  small  percentage  of  lung,  pancreatic,  and  breast  cancer  cell  lines  and/or  xenografts.  Importantly, 
MKK4/SEK1  can  be  an  independent  target  for  LOH  -  i.e.,  its  inactivation  is  not  just  a  by-product  of  large 
deletions  of  the  neaiby  p53  gene.  Recait  studies  using  transgenic  ^proaches  found  that  disruption  of  the 
MKK4/SEK1  gene  caused  embryonic  death  in  mice,  demonstrating  a  requirement  for  MKK4/SEK1  in 
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development  [reviewed  in  [29]].  These  studies  also  included  the  analyses  of  cells  with  a  homozygous 
deficiency  in  MKK4/SEK1  and  demonstrated  that  it  is  required  for  the  normal  regulation  of  cellular 
responses  to  environmental  stress. 

Colonization  of  the  secondary  site  and  future  directions 

The  purpose  of  all  the  research  highlighted  in  this  review  has  been  to  improve  cure  rates  and  patient 
quality  of  life.  It  has  been  argued  that  agents  that  prevent  metastasis  will  be  meaningless  since  the  “horse 
will  have  already  escaped  the  bam.”  Administration  of  a  preventative  agent  for  an  event  that  has  occurred 
prior  to  diagnosis  would  indeed  be  useless.  However,  for  inoperative  lesions  in  an  adjuvant  setting, 
metastasis  prevention  may  have  a  role. 

Attention,  then,  turns  to  treatment  of  established  metastases.  In  essence,  all  non-surgical  cancer 
therapy  currently  in  use  is  essentially  for  this  purpose.  Once  a  tumor  is  removed,  any  additional  treatment 
is  aimed  at  eliminating  microscopic  or  detectable  systemic  disease.  What  limits  the  current  ^proaches  is 
tumor  heterogeneity,  plasticity  of  the  tumor  cell  response  and  ineffective  dmg  targeting. 

How  then  will  understanding  the  genetic  basis  of  metastasis  overcome  these  limitations?  The  answer 
is  alluded  in  some  recent  studies  firom  our  laboratories.  In  short,  independently-discovered  metastasis 
suppressors  for  prostate  carcinoma  and  melanoma  both  inhibit  the  formation  of  metastases  by  blocking 
growth  at  the  secondary  site  [17;  18].  In  these  studies,  melanoma  cells  carrying  chromosome  6  or  rat 
prostatic  carcinoma  cells  carrying  chromosome  17  were  tagged  and  followed  in  spontaneous  metastasis 
assays  in  mice.  For  instance,  chromosome  17  expressing,  tagged  cells  were  found  as  microscopic 
metastases  in  the  lungs  at  rates  comparable  to  the  number  of  detectable  metastases  produced  by  the 
metastatic  parental  cell  line.  The  chromosome  17  expressing,  tagged  cells  could  be  retrieved  fi’om  the 
lungs  and  expanded  in  culture,  demonstrating  their  vitality.  No  evidence  was  found  for  anti-angiogenesis 
by  the  chromosome  17  hybrid  cells,  indicating  a  lack  of  colonization  (i.e,.  not  angiogenesis)  as  a  primary 
mechanism.  For  the  chromosome  6  expressing,  tagged  melanoma  cells,  in  vitro  explants  of  pulmonaiy 
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micrometastases  were  actually  injected  into  mice  at  an  orthotopic  site.  The  mice  developed  tumors  which 
grew  at  a  rate  similar  to  the  original  cell  line,  further  demonstrating  that  growth  in  die  primary  and 
secondary  sites  are,  to  some  degree,  differentially  regulated.  In  other  words,  the  metastasis-suppressed 
cells  complete  every  step  of  the  metastatic  cascade  prior  to  proliferation  at  the  secondary  site  to  form 
macroscopic  metastases. 

Although  the  existence  of  control  mechanisms  at  this  step  of  the  metastatic  cascade  have  long  been 
inferred  based  upon  logic,  these  data  are  the  first  hints  at  a  molecular  target.  Neither  of  these  genes  could 
have  been  discovered  without  studying  the  entire  metastatic  process  since  no  in  vitro  assays  yet 
recapitulate  metastasis.  Indeed,  our  laboratories  are  working  hard  to  develop  such  assays.  Nonetheless, 
these  results  show  that  in  vivo  assays  still  have  a  role  and  that  novel,  interesting  and  potentially  clinically 
relevant  genes  can  be  discovered  using  them. 

A  second  example  of  impaired  colonization  potentially  applicable  to  growth  at  a  secondary  site  is 
found  in  the  Nm23  literature.  Colonization  of  Nm23-transfected  K1735  melanoma  and  MDA-MB-435 
human  breast  carcinoma  cells  in  soft  agar  was  reduced  as  compared  to  control  transfectants,  despite  the 
observations  among  all  transfection  studies  reported  to  date  that  primary  tumor  sizes  are  equivalent. 

The  cytokine  TGPp  has  been  reported  to  be  inhibitory  to  cell  growth  of  many  normal  cells,  but 
recently  has  been  widely  reported  to  stimulate  growth  or  colonization  of  more  advanced  or  metastatically 
competent  cells  [reviewed  in  [70;7 1]].  Addition  of  TGPp  to  soft  agar  cultures  of  control-  and  Nm23- 
transfected  cells  recapitulated  this  trend:  TGP-P  stimulated  several- fold  the  colonization  of  metastatic, 
control  transfectants,  but  was  generally  without  effect  on  the  Nm23  transfectants  [33;72].  It  is 
hypothesized  that,  in  a  secondary  site,  where  locally  produced  growth  factors  and  cell-cell  interactions 
may  be  different  than  those  at  the  primary  site,  the  cancer  cells,  which  can  utilize  a  widely  available 
growth  factor  such  as  TGpp  as  a  stimulant,  would  have  a  metastatic  advantage.  Other  cytokines,  such  as 
IL-6,  have  also  been  reported  to  exhibit  a  similar  switch  to  the  stimulation  of  aggressive  cancer  cells.  The 
mechanism  oftheTGPp  “switch”  is  unknown,  but  of  potential  translational  relevance.  Investigations  in 
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other  model  systems  have  identified  TGFP-induced  alterations  in  cell-cell  interactions  in  the  liver  [73], 
production  of  anti-apoptotic  proteins  [74],  enhancement  of  proteinase  activity  [75;76],  and  induction  of 
angiogenic  factor  production  [77].  In  bone  metastasis,  TGF-P  is  produced  by  osteoclasts  and  induces 
parathyroid  hormone  related  protein  production  by  tumor  cells  in  a  positive  feedback  loop  [78;79].  Other 
non-TGF-P-related  studies  of  colonization  also  point  to  a  myriad  of  potential  control  points.  The  most 
amazing  aspect  of  this  list  is  its  overlap  with  the  regulation  of  more  traditionally  studied  aspects  of 
metastasis  -  adhesion,  proteolysis,  motility. 

Colonization  in  various  models  has  been  influenced  by  adhesion  proteins  such  as  CD44  [80],  a6 
integrins  [81;82],  galectin-3  [83],  lung  dipeptidyl  peptidase  [84]  andN-cadherin  [85],  the  latter  pointing 
not  only  to  adherence  but  a  cellular  epithelial-mesenchymal  transition  [86].  The  target  of  much  adhesion, 
the  stroma  or  extracellular  matrix,  is  also  reported  in  the  colonization  literature.  Proteinases,  such  as 
matrix  metalloproteinases  and  plasminogen  activators,  have  been  implicated  in  colonization,  not  only  to 
include  degradation  but  effects  on  tumor  dormancy  [87;88].  Growth  factors  and  their  receptors  such  as  c- 
met  and  IGF  receptor  have  been  implicated  in  colonization  [89;90].  Importantly,  overexpression  of  FGF 
in  MCF7  breast  carcinoma  cells  facilitated  dissemination  fi-om  the  primary  tumor  but  not  lung 
colonization  [91],  showing  that  not  any  factor  can  be  assigned  to  this  phenotype.  Potential  colonization 
regulatory  points  outside  of  the  traditional  invasion  arena  include  apoptosis  and  angiogenesis  [92;93]. 

These  data  imply  that  whatever  gene(s)  and  protein(s)  are  responsible  could  be  exploited  at  two 
levels  in  the  clinic.  First,  a  mimetic  could  be  used  to  prevent  establishment  of  new  metastases.  This  is 
demonstrated  by  the  pre-clinical  studies  performed  using  animal  models.  Second,  a  mimetic  could  block 
growth  of  the  metastases  and,  perhaps,  even  casue  the  metastases  to  regress.  The  data  also  imply  that 
many  of  the  traditional  components  of  metastasis  research  could  be  relevant  to  tire  study  of  colonization 
at  the  secondary  site.  They  also  highlight  the  need  for  better  models. 

The  genetics  of  metastasis  in  general,  and  breast  cancer  specifically,  is  complex  and  still  poorly 
understood.  While  new  genes/proteins  are  being  identified  at  an  increasingly  rapid  rate,  a  comprehensive 


Welch  and  Rinker-Schaeffer 


Page  12  of  24 


and  unifying  model  for  interactions  between  them  will  require  more  research. 
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Abstract 

We  previously  showed  that  introduction  of  a  normal,  neomycin-tagged 
human  chromosome  11  reduces  the  metastatic  capacity  of  MDA-MB-435 
(435)  human  breast  carcinoma  cells  by  70-90%  without  affecting  tumor- 
igenicity,  suggesting  the  presence  of  one  or  more  metastasis  suppressor 
genes  encoded  on  human  chromosome  11.  To  identify  the  gene(s)  respon¬ 
sible,  differential  display  comparing  chromosome  ll-containing  (neoll/ 
435)  and  parental,  metastatic  cells  was  done.  We  describe  the  isolation  and 
functional  characterization  of  a  full-length  cDNA  for  one  of  the  novel 
genes,  designated  breast-cancer  metastasis  suppressor  1  {BRMSl),  which 
maps  to  human  chromosome  Ilql3.1-ql3.2.  Stably  transfected  MDA-MB- 
435  and  MDA-MB-231  breast  carcinoma  cells  still  form  progressively 
growing,  locally  invasive  tumors  when  injected  into  mammary  fat  pads 
but  are  significantly  less  metastatic  to  lungs  and  regional  lymph  nodes. 
These  data  provide  compelling  functional  evidence  that  breast-cancer 
metastasis  suppressor  1  is  a  novel  mediator  of  metastasis  suppression  in 
human  breast  carcinoma. 

INTRODUCTION 

When  breast  carcinoma  ceils  are  confined  to  breast  tissue,  long¬ 
term  survival  rates  are  high.  But  when  tumor  cells  disseminate  to  and 
colonize  secondary'  sites,  cure  rates  drop  significantly.  Likewise, 
quality  of  life  for  patients  with  stage  IV  (metastatic)  disease  is 
significantly  worse  than  for  those  with  stage  I  (local)  carcinoma. 
Thus,  decreased  morbidity  and  mortality  will  depend  on  prevention 
and/or  effective  treatment  of  metastatic  disease.  To  that  end,  under¬ 
standing  the  biological,  biochemical,  and  genetic  mechanisms  under¬ 
pinning  tumor  cell  invasion  and  metastasis  will  be  required. 

Metastasis-regulatory  genes  can  be  broadly  categorized  as  eithei 
metastasis-promoting  or  metastasis-suppressing.  Analogous  to  the 
role  of  oncogenes  in  tumorigenesis,  metastasis  promoters  drive  con¬ 
version  from  nonmetastatic  to  metastatic.  Although  similar  in  other 
respects,  metastasis  suppressors  are  distinguishable  from  tumor  sup¬ 
pressors  in  that  the  former  block  only  metastasis  when  introduced  into 
metastatic  tumor  cells  (/.€.,  not  tumorigenicity).  As  expected,  tumor 
suppressors  suppress  both  phenotypes  because  tumorigenicity  is  a 
prerequisite  to  metastasis  (1).  To  date,  only  six  metastasis  suppressor 
genes  (Vm25,  KlSSl,  Kail,  E-cadherin,  MKK4,  TIMPs)  have  been 
shown  to  functionally  suppress  metastasis  using  in  vivo  models  (re¬ 
viewed  in  Ref.  2). 


Two  general  approaches  were  used  to  identify  these  metastasis¬ 
controlling  genes.  The  first  involved  comparison  of  gene  expression  in 
poorly  or  nonraetastatic  cells  with  matched  metastasis-competent 
cells.  The  second  took,  advantage  of  clinical  observations  that  identi¬ 
fied  nonrandom  chromosomal  changes  that  occur  during  tumor  pro¬ 
gression.  This  information  localized  the  gene(s)  from  which  cloning 
could  commence.  In  this  study,  we  combined  aspects  of  both  strate¬ 
gies  to  identify  a  novel,  functional  breast  carcinoma  metastasis  sup¬ 
pressor  gene. 

A  recent  cataloging  of  differential  gene/protein  gene  expression  and 
chromosomal  abnormalities  occurring  as  breast  carcinoma  acquires 
metastatic  potential  (2)  revealed  that  some  kary^otypic  changes  com¬ 
monly  occur  in  early-stage  breast  cancer  (8p,  13q,  16q,  17p,  17q,  and 
19p),  whereas  others  typically  occur  later  in  breast  cancer  progression 
(Ip,  Iq,  3p,  6q,  7q,  1  Ip,  and  1  Iq).  Among  the  most  common  changes 
in  botli  familial  or  sporadic  breast  carcinoma  are  losses  of  genetic 
material  on  chromosome  llq,  which  occurs  in  40-65%  of  cases. 
There  are  several  regions  spanning  the  q-arm  of  chromosome  1 1  for 
which  associations  have  been  made  with  breast  cancer  progression. 
Among  the  most  common  are  amplifications  and  deletions  involving 
regions  near  band  llql3.  Within  this  region,  there  is  evidence  sup¬ 
porting  the  existence  of  a  number  of  critical  genes,  including  tumor- 
promoting,  tumor-suppressing,  metastasis-promoting  and  metastasis¬ 
suppressing  genes.  The  genes  int-2,  hst,  bcl-l,  glutathione 
S-transf erase,  CCNDl,  and  EMS-L  which  map  to  llq  13,  are  ampli¬ 
fied  in  breast  cancer  at  a  frequency  between  3  and  20%.  There  exists 
a  high-frequency  involvement  of  rat  chromosome  1  (which  is  syntenic 
to  human  chromosome  1 1)  in  the  development  and  progression  of  rat 
mammary  tumors  (3).  Therefore,  based  on  these  observations  and 
high-frequency  deletions  involving  Ilql3-ql4  in  late-stage,  meta¬ 
static  breast  carcinomas,  we  tested  the  hypothesis  that  chromosome 
llq  encodes  a  metastasis  suppressor  gene.  Upon  finding  tliat  intro¬ 
duction  of  a  nonnal  human  chromosome  1 1  into  metastatic  MDA- 
MB-435  (435)  human  breast  carcinoma  suppressed  metastasis  without 
affecting  tumorigenicity  (4),  we  set  out  to  identify  the  gene(s)  respon¬ 
sible.  We  report  here  the  isolation  and  functional  characterization  of 
a  metastasis  suppressor  gene  from  this  region. 

MATERIALS  AND  METHODS 
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Cell  Lines  and  Cell  Culture,  MDA-MB-435  and  MDA-MB-231  are  hu¬ 
man  estrogen  receptor-  and  progesterone  receptor-negative  cell  lines  derived 
from  metastatic  (pleural  effusion),  infiltrating  ductal  breast  carcinoma.  Both 
cell  lines  form  progre.ssively  growing  tumors  when  injected  into  the  mammary 
fat  pads  of  immunocompromised  mice.  MDA-MB-435  cells  develop  macro¬ 
scopic  metasiases  in  the  lungs  and  regional  lymph  nodes  by  10-12  weeks 
postinoculation,  but  rarely  metastasize  after  direct  injection  into  the  lateral  tail 
vein.  The  opposite  pattern  exists  for  23 1  in  athymic  mice.  MDA-MB-435  cell 
clones  into  which  a  nonnal,  neomycin-tagged  human  chromosome  11.  had  been 
introduced  by  microcell-mediated  uansfer  (designated  neoll/435)  are  sup¬ 
pressed  at  lea.st  75%  for  metastasis  from  the  mammary  fat  pad  (4). 
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BmSl-  transfectants  were  derived  after  transfection  of  full-length  BRMSl 
cDNA  (see  below)  cloned  into  the  constitutive  mammalian  expres.rion  vector 
pcDNA3  (Invitrogen,  San  Diego,  CA).  Ail  cell  lines  were  cultured  in  a  1 : 1 
(v/v)  mixture  of  DMEM  and  Ham’s  F-12  medium  supplemented  with  5%  fetal 
bovine  serum  (Atlanta  Biologicals,  Atlanta,  GA),  1%  nonessential  amino 
acids,  and  1.0  mw  sodium  pyruvate,  but  no  antibiotics  or  antimycotics.  Trans¬ 
fected  cells  and  neoll/435  hybrids  also  received  500  ytig/ml  Geneticin  (G-418' 
Life  Technologies,  Inc.,  Gaithersburg,  MD),  B/?M5/-transfected  435  cells 
acquired  an  unexplained  acute  sensitivity  to  trypsin;  therefore,  cultures  were 
thereafter  passaged  using  2  mM  EDTA  solution  in  calcium-  and  magnesium- 
free  Dulbecco’s  PBS.  Hybrid  clones  and  transfectants  were  used  before  pas¬ 
sage  11  m  all  cases  to  minimize  the  impacts  of  clonal  diversification  and 
phenotypic  instability.  For  all  functional  and  biological  assays,  cells  between 
70  and  90%  confluence  were  u.sed  with  viability  >95%.  All  lines  were 
routinely  checked  and  found  to  be  negative  for  Mycoplasma  spp.  contamina¬ 
tion  using  the  GenProbe  method  (Fisher  Scientific,  Pittsburgh,  PA). 

Cell  line  nomenclature  was  developed  to  idenUfy  the  origin  and  nature  of 
each  cell  line  as  unambiguously  as  possible.  Single-cell  clones  are  identified  by 
the  parental  cell  line  name  preceding  a  followed  by  a  clonal  designation. 
Uncloned  populations  are  identified  by  a  after  the  parental  cell  line  name. 
Microceil  hybrids  are  identified  by  the  tagged  chromosome  number  followed 
by  a  •?’  {e.g.,  neol  1/435.A3  is  single  cell  clone  A3  derived  after  microcell- 
mediated  transfer  of  chromosome  J 1  into  MDA-MB-435).  Where  appropriate 
numbers  in  parentheses  following  the  cell  line  designation  indicate  the  number 
of  subcultures  following  cloning  or  establishment  of  the  cell  line.  Numbers 
^  '  indicate  that  the  cells  were  passaged  in  a  mixture  of 

0A25/o  trypsm-2  mw  EDTA  in  calcium-  and  magnesium-free  Dulbecco’s 
PBS.  Numbers  preceded  by  a  “P”  indicate  the  cells  were  passaged  usin<x  EDTA 
alone.  ® 

Iransfections.  BRMSl  was  cloned  into  the  constitutive  mammalian  ex¬ 
pression  vector,  pcDNA3  (Invitrogen).  To  detect  BRMSl  protein  expression, 
a  chimenc  molecule  was  also  constnicted  witii  an  NH^-terminal  epitope  tan 
(SV40T  epitope  901;  Ref.  5).  Epitope-tagged  and  native  BRMSl  plasmids  as 
well  as  pcDNA3  vector  only  were  transfected  into  435  and  231  cells  by 
electroporation.  After  selection  in  G-418,  .single-cell  clones  were  isolated 
by  hnmmg  dilution.  Stable  transfectants  were  assessed  for  their  expression  by 
RNA  blot  and,  as  appropriate,  by  immunoblol. 

DD-RTPCR.  To  identify  differences  in  mRNA  expression  between  meta¬ 
static  and  nonmetastatic  neoll/435  hybrid  cells,  a  DD-RTPCR  approach  was 
underUiken.  The  methods  used  involved  modifications  of  the  method  described 
by  Liang  and  Pardee  (6)  as  available  in  the  Delta  Differential  Display  kit 
(Clontech  Laboratories,  Inc.,  Palo  Alto,  CA).  To  minimize  the  impact  of  dona! 
heterogeneity,  a  mixture  of  equal  parts  mRNA  from  three  neoll/435  hybrid 
clones  [neol  I/435.A3  (TE5),  neon/435.Bl  (TE4),  and  neoll/435.Dl  (TEIO)] 
were  used.  To  reduce  the  chances  of  proceeding  with  irrelevant  cDNAs,  we 
validated  tmdmgs  at  several  intermediate  steps  during  the  experiment.  In  short, 
even,'  step  was  replicated  using  independent  samples.  Once  PCR  products  were 
validated,  they  were  u.sed  as  probes  to  examine  differential  expression  in 
Northern  blots  using  progressively  more  extensive  series  of  cell-line  mRNAs. 

As  full-length  cDNA  clones  were  obtained,  replicate  Northern  blots  were  done 
with  those  as  well  to  verify  prior  results.  ^ 

Differentially  expre.ised  cDNA.s  and  the  primers  used  for  the  initial  DD- 
RTPCR  reactions  were  as  follows:  BRMSl  (P9/P9);  F5A3  (P9/T5),  8A3  (P3/  ' 

T4);  adenine  phosphoribo-syltransferase  (Pl/r9);  (V-acetyl-galactosamine-6-  1 
sulfate  sulfatase  (P6/P6);  hexokinase  II  (PIO/TS): 

PI:  5'-ATTAACCCTCACTAAATGCTGGGGA-3'  t 

P3:  5'-ATTAACCCTCACTAAATGCTGGTGG-3' 

P6:  5'-ATTAACCCTCACTAAATGCTGGGTG-3' 

P9:  5'-ATTAACCCTCACTAAATGTGGCAGG-3'  * 

PIO:  5'-ATTAACCCTCACTAAAGCACCGTCC-3' 

T4;  5'-CATl'ATGCTGAGTGATATCTTTnTnTCA-3' 

T5:  5'-CATTATGCTGAGTGATATCTnTTTTTTCC-3'  ^ 

T8:  S'-CATTATGCTGAGTGATATCrTTTTTnTGC-S' 

T9;  5'-CATTATGCTGAGTGATATCTTTTTTTTTGG-3'  ^ 


1  F5A3  and  8A3  were  provisional  nomenclature  used  during  the  initial  part  of 
r,  these  studies.  ^ 

I  Chromosomal  LocaUzation  of  BRMSl.  BRMSl  cDNA  was  used  to 
il  screen  bacterial  artificial  chromosome  and  PI  artificial  chromo.some  libraries 
0  at  Genome  Systems,  Inc.  (St.  Louis.  MO).  Bacterial  artificial  chromo.some 
clone.s  412(n24)  and  536(hl8)  harbored  BRMSl  as  confirmed  by  direct  .se- 
.  quencing.  The  genomic  .sequence  was  detennined  using  the  412(n24  clone) 

5  DNA  was  isolated  and  labeled  with  digoxigenin  dUTP  by  nick  translation  and 

t  combined  wift  sheared  human  DNA  before  hybridization  to  metaphase  chro- 

-  mosomes  derived  from  phytohemagglutinin-.stimulated  peripheral  blood  leu- 
’  ®  solution  containing  50%  formamide,  10%  dextran  sulfate,  and  2X 

I  SSC.  Specific  hybridization  signals  were  detected  by  exposing  the  hybrid  cell 
I  ines  to  antidigoxigenin  antibodies  followed  by  counterstaining  with  DAPI. 
Specific  labeling  was  seen  along  the  proximal  long  arm  of  a  group  C  chro¬ 
mosome,  which  was  subsequently  confirmed  to  be  chromosome  11  based  on 
cohybndization  with  genomic  probes  known  to  map  to  IlpI5  and  llcen 
Measurements  of  7 1  of  80  specifically  labeled  chromo,somes  1 1  in  metapbase 
spreads  demonstrated  that  BRMSl  is  located  at  a  position  that  is  19%  of  the 
distance  from  the  centromere  to  the  telomere  of  chromosome  llq  This 
corresponds  to  band  1 1  q  1 3. 1  -q  1 3.2  (data  not  shown). 

-Metastasis  Assays.  Immediately  prior  to  injection,  cells  (7-1 1  passages 
after  transfection)  at  80-90%  confluence  were  detached  with  a  2  mM  EDTA 
solution.  Cells  were  washed,  counted  on  a  hemacytometer,  and  resuspended  in 
ice-cold  HBSS  to  a  final  concentration  of  2.5  X  1  O'*  cells/ml  for  23 1  cells  and 
X  10  cells/ml  for  435  cells.  MDA-MB-231  cells  and  derivatives  (0.5  X  10® 
m  0.2  ml)  were  injected  i.v.  into  the  lateral  tail  vein  of  3-  to  4-week-oId  female 
athymic  mice  (Harlan  Sprague-Dawley,  Indianapolis,  IN).  Mice  were  killed  4 
weeks  post-injection  and  examined  for  the  presence  of  meta-siases.  Lungs  were 
removed,  rinsied  in  water,  and  fixed  in  Bouin’s  solution  before  quantification 
of  surface  nietastases  as  described  previously  (7). 

Similar  procedures  were  used  for  the  spontaneous  metastasis  assay  usin" 
MDA-MB-435  cells,  except  that  1  X  10"  cells  (0.1  ml)  were  injected  into 
exposed  axillary  mammary  fat  pads  of  anesthetized  5-  to  6-vveek-oId  female 
athymic  mice.  Wlien  die  mean  tumor  diameter  reached  L5-2.0  cm,  tumors 
were  surgically  removed  under  ketamine : xylazine  (80-85  mg/kg:  14-16  mg/ 
kg)  anesthesia,  and  the  wounds  were  closed  with  sterile  stainless  steel  clipl 
Four  weeks  later,  mice  were  sacrificed,  and  visible  metastases  were  counted. 
Lung  tissues  were  handled  as  above.  Metastases  were  also  observed  in  the 
ipsilateral  and  contralateral  axillary  lymph  nodes  of  control  mice.  Occasional 
recurrences  developed  at  the  site  of  tumor  removal,  but  the  presence  of 
hematogenous  metastases  did  not  necessarily  correlate  with  presence  of  recur¬ 
rent  tumor. 

Animals  were  maintained  under  the  guidelines  of  the  NIH  and  the  Penn¬ 
sylvania  State  University'  College  of  Medicine.  All  protocols  w'ere  approved  by 
the  Institutional  Animal  Care  and  Use  Committee.  Pood  and  w^ater  were 
provided  ad  libitum. 

Statistical  Analyses.  The  number  of  lung  metastases  was  compared  for 
BRMSl  transfectants  and  corre.sponding  parental  and  vector-only-transfected 
MDA-MB-435  and  MDA-MB-231  cells.  For  experimental  metastasis  assays, 
one-way  ANOVA  followed  by  Tukey’s  Honestly  Significant  Difference  post 
hoc  test  was  used.  For  spontaneous  metastasis  assays,  a  Kruskal-Wallis 
ANOVA  of  ranks  procedure  was  used  with  Dunn’s  post  hoc  test.  Statistical 
differences  in  adhesion  and  motility  assays  were  done  using  Student’ s  /  test 
comparing  BR/W5/rtransfected  to  vector-only-transfected  cells.  Calculations 
were  performed  using  SigmaStat  statistical  analysis  software  (Jandel  Scien¬ 
tific,  San  Rafael,  CA).  Statistical  significance  was  designed  as  P  <  0  05  using 
two-tailed  tests,  *  ^ 

RESULTS 


cmicer  metastasis  suppressor- J:  DD- 
RTPCR,  differential  display;  DAPI,  4',6-diamidino-2-pheny] indole:  RT-PCR  reverse 
transcnption-PCR;  EST,  exprcs.sed  -sequence  tags. 


DD-RTPCR  was  used  to  compare  gene  expression  in  metastasis- 
competent  (435)  versus  metastasis-suppressed  (neoll/435)  variants.  Ini¬ 
tially,  64  cDNA  fragments  were  detected  as  up-regulated  in  the  neol  1/ 
435  hybrids.  A  repre.senfative  result  is  shown  in  Fig.  la.  Eighteen  bands 
amplified  reproducibly  in  replicate  RT-PCR  reactions  (data  not  shown). 
Of  those,  six  fragments  exhibited  >5-fold  higher  mRNA  expression  in 

®  R.  S.  Samant,  M.  T,  Debies,  and  D.  R.  W'elch,  unpublished  observations. 
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Fig.  1.  Identification  of  differentially  expressed  genes  in 
mcla.slasis“suppressed  neo  11/435  hybrid  cell  clones  using 
differential  display,  o,  OD-RTPC'R  tesuU  in  which  BRMSJ 
was  identified.  Replicate  reactions  were  done  in  parallel  to 
compare  parental,  metastatic  MDA-MB-'435  (///nev  /  and  2) 
with  mixtures  (1 : 1 ;  1)  of  metastasis-suppressed  neol  1/435 
clones  A3,  Bl,  and  Dl  (iMnes  3  and  4).  Lanes  2  and  4 
contain  twice  a.s  much  .starting  material  a.s  Umes  I  and  5.  An 
equo)  mixture  of  neol  1/435  hybrid  ccH  clones  was  used  to 
minimize  the  impact  of  tumor  heterogeneity  on  the  differ¬ 
ential  display  reaction,  b,  Noiihem  blot  analyses  using  can¬ 
didate  differential  display  products  as  probes.  Only  candi¬ 
dates  displaying  ':>5-fold  higher  expression  in  neol  1/435 
hybrid  cell  clones  are  pre.seiued.  Poly(A)4-  mRNA  (2  p.g) 
was  electropliorcscd  on  denatured  agarose  gels,  transfened 
to  a  nylon  membi’ane,  fixed,  and  probed  with  random  prime- 
radloiabeied  PCR  products  from  the  differential  display  re¬ 
action.  Equal  loading  was  verified  by  probing  with  GAPDfl 
cDNA  (data  not  shown).  Approximate  trtuiscripl  sizes  are 
depicted  to  the  right  of  eacli  gel.  c,  differentia]  expression  of 
the  novel  genes  was  quantified  using  phosphorimage  anal¬ 
ysis.  Relative  expression  was  compared  with  parerstiil  MDA- 
MB-435.  and  only  genes  showing  >:5-fold  higher  (reference 
line  .shown  tis  dotted  line)  expression  in  the  neol  1/435 
hyijrid  cell  clones  were  chosen  for  further  study,  d,  multi- 
tissue  Noiihem  bloLs  (Cionetechl  shov/ing  mRNA  expres¬ 
sion  of  BRMSJ. 


neol  1/435  hybrid  cell  clones  as  detected  by  Northern  blotting  using  the 
PCR  product  as  a  probe  tmd  quantified  by  phosphor  image  analysis  (Pig. 
1,  b  and  c).  None  of  the  PCR  pi'oducts  detected  inRNAs  expressed 
exclusively  in  the  metasta.sls-suppressed  cells.  The  differentially  ex¬ 
pressed  cDNA  inserts  were  sequenced,  and  homology  to  known  genes 
and  ESTs  was  as.sessed  by  compa!:ing  with  the  GenBank/European  Mo¬ 
lecular  Biology  Laboratoiy/DDBJ/PDB  combined  database.  Three  of  the 
cDNAs  were  homologous  to  known  human  genes  (iV-acetylgalac- 
tosamine-6-sulphatase,  adenine  phosphoribosylcransferase,  and  hexoki- 
nase  II).  The  remaining  tliree  cDNA  fragments  were  novel  and  became 
priorities  for  further  study.  Here  we  report  on  the  isolation  and  functional 
characterization  of  one  of  these  novel  cDNAs,  BRMSL 

Full-length  clones  were  obtained  from  a  human  kidney  cDNA 
ATripIEx  library  after  this  tissue  was  found  to  express  high  levels  of 
all  three  novel  cDNAs.  Ti,ssue- specific  splice  variants  were  not  ex¬ 
pected  because  only  a  single  band  of  ^L5  kb  was  detected.  This 
pattern  was  replicated  using  full-length  BRMSJ  cDNA  as  a  probe. 
BRMSJ  is  widely  expressed  to  varying  levels  in  ever\^  normal  human 
tissue  examined  (Fig.  1c/)- 

Nucleotide  sequence  analysis  of  BRMSJ  cDNA  initially  revealed  no 
significant  homologies  to  any  known  genes,  ESTs,  or  proteins  deposited 
in  the  databases.  Regions  of  BRMSJ  cDNA  showed  numerous  homolo¬ 
gies  to  short  ESTs  isolated  from  fetal  liver  and  spleen  as  w^eli  as  the 
human  tumor  cell  line  HeLa,  consistent  with  the  wide  tissue  expression 
observed  in  the  multitissue  Northern  blots,  BRMSJ  has  been  detected  in 
Southern  blots  in  multiple  species  at  the  DNA  level,  including  yeast, 
human,  mouse,  rat,  rabbit,  and  cow  (data  not  shown).  A  murine  cDNA 
recently  has  been  isolated  and  is  89.8%  homologous  at  the  nucleotide 
level, ^  suggesting  that  tlie  gene  is  relatively  w-ell  conserved.  Tiie  BRMSJ 
human  cDNA  sequence  was  submitted  to  GenBank  as  a  novel  human 
gene  with  an  Accession  Number  of  AF 159141. 

After  the  BRMSJ  sequence  was  submitted,  a  deposited  partial 
sequence  (Accession  Number  AL050008;  designated  “hypothetical 
human  protein  sequenced  by  AGOWA  within  the  cDNA  sequencing 
consortium  of  the  German  Genome  Pi'ojecf')  had  91%  homology  at 
the  predicted  protein  level  for  the  region  bounded  by  amino  acids 
50-244,  However,  no  infomiation  regarding  function  for  AL050008 
is  available.  This  may  indicate  that  there  is  a  BRMSI  gene  family. 

Computerized  analysis  (DNAsis;  Hitachi  Software)  shows  that  the 


BRMSJ  cDNA  length  is  1485  bp  with  the  largest  open  reading  frame 
of  741  bp  (from  nucleotides  122  to  862;  Fig.  2).  BRMSJ  encodes  a 
novel  protein  of  246  amino  acids  (M,  ^  28,500),  a  result  confirmed 
using  in  vitro  transcription  and  translation  (data  not  shown).  The 
genomic  structure  of.  BRMSJ  is  organized  as  10  exons  .spanning  --10 
kb.^  Exon  1  is  untranslated.  Fluorescence  in  situ  hybridization  map¬ 
ping  places  the  location  of  BRMSJ  gene  at  human  chromosome 
Ilql3.i-ql3.2  (Fig.  3«). 

The  predicted  amino  acid  sequence  of  BRMSI  was  analyzed  for 
structural  and  sequence  homologies  to  obtain  clues  regarding  mechanism 
of  action.  The  identified  structural  domains  of  the  BRMSI  protein  are 
shown  schematically  in  Fig.  3h,  Regions  of  homology  were  identified 
using  the  algorithms  listed  below.  Using  PROSITC^  several  putative 
phosphoiydation  sites  for  cAMP/cGMP  ([R/K]2-x-[S/T];  amino  acids 
55-58  and  240-243),  protein  kinase  C  ([S/r]-[R/K];  amino  acids  111- 
1 13^  147-149,  190-192,  and  200-202),  and  casein  kinase  II  ([S/r]-X2- 
[D/E]:  amino  acids  19-22.  30-33,  37-40,  39-42,  41-44,  and  46-49) 
were  detected.  PSORT  identified  two  putative  nuclear  localization 
sequences  (amino  acids  198-205  and  239-245),  wdiich  were  shown  to  be 
functional  according  to  subcellular  fractionation  and  immunofluores¬ 
cence  studies  using  BRMSI -transfected  231  cells  (data  not  shown).  For 
both  studies,  antibodies  to  epitope-tagged  BRMSI  (SV40T90i  on  the 
NH^  terminus)  were  used.  Additionally,  BRMSI  contains  two  coiled-coil 
(amino  acids  51-81  and  147-180)  motifs  and  several  imperfect  leucine 
zipper  (L-X6-L-X6-L-X5-L)  moths  at  amino  acids  67-88,  131-152,  138- 
159,  153-174,  and  160-181.  No  signal  peptide  motifs  were  identified, 
but  there  was  a  potential  endoplasmic  reticulum  retention  sequence  at 
amino  acids  243-246.  These  predictions  were  corroborated  using  the 
ExPASy  search  engine. The  four  cysteine  residues  within  the  BRMSI 
protein  are  apparently  not  utilized  for  intra-  or  interprotein  disultide 
linkages  because  mobility  in  SDS-PAGE  is  unaffected  by  reducing 
agents  (data  not  show). 

To  assess  the  effect  of  BRMSJ  on  breast  carcinoma  biological  behav¬ 
ior,  BRMSJ  was  transfected  into  Wo  independently  derived  metastatic 
human  breast  carcinoma  cell  lines,  MDA-MB-435  (435)  and  MDA-MB- 
231  (231).  The  morphologies  of  435  and  231  Si^5i-transfected  cells 


*  R.  S.  Samant,  M.  T.  Debies,  M.  1.  Seraj,  and  D.  R.  Welch,  manuscript  in  preparation. 

^  hllpV/wwvv.genebio.com/prosite.html. 

hltp://wwvv.psort.nibb.ac.jp:8S00. 

'  ^  http;//www,expasy.ch. 
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Fig.  2.  Nucleotide  (uppercase  letters)  and  predicted  aniino  acid  sequence  (in  bold)  of  BRMSl  cDNA.  BRMSl  cDNA  GenBank  Accession  Number  is  AF15914I.  tennination 
codon. 


were  not  noticeably  or  uniformly  different  from  parental  cells.  Nor  were 
in  vitro  growth  rates  or  saturation  densities  different.  In  the  experiment 
shown,  5/?M5/-ti-ansfected  cells  exliibited  a  slight  delay  following  seed¬ 
ing;  however,  this  did  not  impact  routine  culture.  BRMSl  transfectants 
also  tended  to  aggregate  more  readily  after  detachment.  However,  these 
properties  were  not  evident  in  eveiy  clone  isolated.  Surprisingly,  435 
cells,  but  not  231  cells,  transfected  with  BRMSl  acquired  an  acute 
.sen.sitivity  to  trypsin  (data  not  shown).  Whereas  parental  cells  previously 
were  routinely  passaged  using  a  mixture  of  trypsin  and  EDTA,  the 
BRMSl  transfectants  died  when  exposed  to  even  low  concentrations  of 
trypsin.  Therefore,  subsequent  cultures  were  handled  using  EDTA  to 
detach  the  cells  from  the  substi'ata. 

Clones  representing  low,  medium,  and  high  BRMSl  mRNA  and 
protein  expression  (the  latter  were  evaluated  using  epitope- tagged 
BRMvSl)  were  chosen  for  in  vivo  functional  studies.  The  transfected 
cells  were  then  tested  for  tumorigenicity  and  metastasis  in  alhymic 
mice.  -transfected  231  cells  were  injected  i.v.  and  assessed  for 

their  ability  to  form  macroscopic  nietastases  in  lung.  Compared  with 
vector-only  transfectants,  BRMSl  transfectants  exhibited  a  dose- 
dependent,  significant  (P  <  0.001)  decrease  in  metastatic  potential 
(Fig.  3c).  Similar  conclusions  were  drawn  using  mRNA  to  assess 
expression  (data  not  shown).  This  implies  that  the  epitope  tag  does  not 
deleteriously  influence  BRMSl  functionality.  As  expected,  the  ability 
of  23  J  cells  to  form  progressively  growing  tumors  in  the  mammary  fat 
pad  was  not  suppressed.  Because  the  parental  231  cell  line  does  not 
metastasize  from  an  orthotopic  site,  metastatic  suppression  using  the 
/spontaneous  metastasis  assay  could  not  be  assessed. 

Parental  and  Bi?M57-transiected  MDA-MB-435  cells  grew  progres¬ 


sively  after  injection  into  an  oilhotopic  (i>.,  mammary  fat  pad)  site. 
Growth  of  B/?M5i-transfected  435  tumors  was  somewhat  delayed  com¬ 
pared  with  the  parental  and/or  vector  controls.  In  general,  once  the  tumors 
began  to  grow,  their  sizes  were  -1  week  behind  the  parental,,  metastatic 
populations,  suggesting  that  rate  of  tumor  growth,  once  established,  is  the 
same.  Failure  to  suppress  tumorigenicity  indicates  that  BRMSl  is  not  a 
tumor  suppressor  gene.  The  histologic  appearance  of  parental  435  and 
BRMSl  transiectants  were  similar,  except  that  the  latter  exhibited  fewer 
fibrous  bands  in  the  sti'omal  compartment  of  the  tumors  (data  not  shown). 
Whereas  tumorigenicity  was  unaltered,  the  incidence  and  number  of 
metastases  to  lung  and  regional  lymph  nodes  were  significantly 
{P  -  0.004)  suppressed  in  the  MDA-MB-435  BRMSl  transfectants 
(Table  1).  Parental  and  vector-only  transfectant  cells  formed  axillary' 
lymph  node  and  lung  metastases  in  100%  of  the  mice  injected,  whereas 
in  the  BRMSl  transfectants,  the  incidence  dropped  by  50-90%.  Of  the 
metastases  that  foimed,  all  were  noticeably  smaller  than  the  parental 
lesions  at  a  comparable  time  following  injection.  Even  if  the  metastases 
were  given  more  time  to  grow,  most  did  not  develop  into  grossly  visible 
lesions,  BRMSl  expression  was  still  detectable  in  the 5i?M5i-transfected 
435  locally  growing  mrnors.  Because  parental  435  cells  do  not  fonn  lung 
metastases  following  i.v.  injection,  i.v,  inoculation  studies  like  those  with 
231  were  not  done. 

DISCUSSION 

DD-RTPCR  was  used  to  discover  genes  more  highly  expressed  in 
metastasis-suppressed  neol  1/435  than  in  their  metastatic  counterparts. 
BRMSl,  which  maps  to  a  region  frequently  involved  in  breast  carci- 
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Cell  Line 


b 


a  The  BRMSl  <^eae  maps  to  11  q  13.1  by  fluorcscetice  in  situ  hybridization.  Arrows  show  two  chromosome  11  wnth  BRMSl  staining.  An  Up  15  probe  and  BRMSl  probe  arc 
shown  on  DAPI-( 
the  predicted  domains  c 

motifs  arc  located  withm  mv.  *1.  — - — c. —  ~~  n  -  «  i  j  t  ^  j 

terminus,  c,  BRMSl  suppresse.s  metastasis  of  MDA-MB-231  cells.  Parental  line  (P)  and  pcDNA3  vector-only  transfectant  (V)  are  controls  for  two  independent  experiments  and 
hatched  columns).  An  uncloned  population  of  BRMS  Mransfected  MDA-MB-23 1  (mix)  is  also  included  in  these  experiments.  Metastasis  .suppression  generally  correlated  with  tlie  level 
of  BRMSl  mRNA  and  protein  expression  (triangle)  as  determined  in  independent  experiments. 


Table  1  BRMSl  suppresses  metastasis  of  MDA~MB-435 

Data  are  pooled  from  Iw'O  independent  experiments  involving  seven  to  eight  mice  per  group.  Data  for  the  native  BRMSl  (i.e.,  not  epitope -tagged)  was  from  a  single  study. 

Incidence  of  metastascs^ 

Luu<t  Extrapulmonary 


Cell  line 


No.  mice  with  No.  mice  with 

Mean  tumor  metastases/No.  metastases/No. 

diameter"  (mm)  mice  injected  P  <  0.05 _ mice  injected 


P  <  0.05 


MDA-.MB-435 

7.8  ±  0.6 

9/15 

MDA-MB-435/pcDNA3 

8.9  ±  1.1 

9/13 

ERMSl-S""'-"”""’" 

6.3  ±  0-3 

2/15 

5.6  ±  0.4 

5/.14 

5.8  ±  0.4 

2/15 

BR.VIS1.1 

4,7  ±  0.3 

2/8 

BRMS  1.3 

4.7  ±  0.4 

1/8 

BRMS  1.5 

6.7  +  0.4 

3/7 

15/15 

13/13 

3/15 

5/14 

0/15 

0/8 

3/8 

5/8 


StiKifc 


"“"“Cclkd  X  loVere  injected  into  the  axUlarj-  mammtu-y  pads  of  5-6-week-o!d  female  aihymic  mice.  To  compare  relative  tumor  growth,  mean  tumor  diameter  of  lumom 
after  injection  is  shown.  To  compensate  for  delayed  liimor  growth,  tumors  were  removed  when  the  mean  diameter  (square  root  of  the  product  of  orthogonal  diameteis)  reached  ..  .5 

/•m  Pfinr  mice  were  killed,  and  the  presence  of  inctastascs  determined.  .1  <  . .  .. 

''The  number  and  incidence  of  lung  metastases  were  compared  with  vector-only  transfected  ,MDA-MB-435  u.sing  the  Kruskal-Wallfe  ANOVA  *  PO^A^st. 

Incidence  of  exlraptilraonary  metastases  (usually  ipsilatcral  axillary  lymph  nodes,  but  occasionally  ribcage,  diaphragm,  and  chest  wall)  was  similarly  examined. 


noma  progression  {i.c.,  1 1.(5 13.1 -(jl 3.2)  was  identified  and  was  ex¬ 
pressed  5-10-fold  more  in  the  metastasis-suppressed  neol  1/435 
clones  than  in  their  metastatic  parents.  When  transfected  into  MDA- 
MB-435  and  MDA-MB-231  cells,  both  the  incidence  of  metastasis 
and  the  number  of  lung  metastases  per  mouse  were  significantly 


inhibited  compared  with  controls.  Although  tumor  development  in 
BRMSl -transfected  435  ceils  was  slightly  delayed  compared  with 
controls,  tumors  still  formed  and  grew  at  a  similar  rate.  Even  when 
tumor-bearing  animals  were  allowed  more  time  for  meta.stases  to 
grow  (/.£.,  to  compensate  for  the  slower  growth  of  the  locally  growing 
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tumor),  metastasis  was  suppressed.  BRMSl  mRNA  was  still  detecta¬ 
ble  within  the  primary  tumors  (data  not  shown).  Taken  together,  these 
data  fulfill  the  functional  definition  that  BRMSl  is  a  metastasis- 
suppressor  gene,  />.,  metastasis  is  suppressed,  wteeas  tumorigenicity 
is  not. 

The  mechanism  by  which  BRMSl  suppresses  metastasis  is  still  not 
fully  determined.  In  vitro  assays  assessing  individual  steps  in  the 
metastatic  cascade  predict  a  complex  role  for  this  molecule.  The 
step(s)  at  which  BRMSl  functions  are  dowmstream  of  local  invasion; 
invasive  cords  are  observed  at  the  edge  of  locally  growing  tumors. 
This  finding  is  consistent  with  the  lack  of  gross  changes  in  the  ability 
of  the  cells  to  produce  and  activate  matrix  metalloproteinase~2  and  -9 
as  detected  by  zymography.^  Efficient  invasion  occurs  despite  a 
modest  but  reproducible  decrease  in  motility  as  measured  using  in 
vitro  wound  migration  assays.  Adhesion  to  fibronectin,  laminin,  and 
type  IV  collagen  are  likewise  unaffected  by  BRMSl  expression  in  231 
and  435  cells. 

Analysis  of  the  predicted  BRMSl  amino  acid  sequence  hints  that 
BRMSl  interacts  with  other  proteins  (Le,,  phosphorylation  sites, 
coiled-coil  periodicity,  and  leucine  zipper).  Because  these  motifs  are 
often  found  in  components  of  transcriptional  machinery,  we  hypoth¬ 
esized  that  BRMSl  might  suppress  metastasis  by  regulating  expres¬ 
sion  of  other  metastasis-suppressor  genes;  how^ever,  there  appears  to 
be  no  correlation  between  the  expression  of  Kail,  Nm23,  KiSSl  or 
E-cadherin  with  BRMSl. ^  Although  this  hypothesis  is  not  formally 
disproved,  these  data  argue  that  it  is  not  the  case. 

BRMSl  transcript  (1,5  kb)  was  detected  in  every  human  tissue 
examined,  albeit  at  different  levels.  The  uniform  size  of  BRMSl 
transcript  argues  that  it  is  not  alternatively  spliced  in  various  tissues. 
Homology  to  BRMSJ  DNA  was  detected  using  Southern  blotting. 
This  suggests  that  BRMSl  is  relatively  well  conserved;  however,  the 
genomic  organization  is  apparently  different  (data  not  shown). 

Compared  with  the  many  normal  tissues  examined,  BRMSJ  mRNA 
expression  was  very  low  in  the  435  and  23 1  cells  by  both  RT-PCR  and 
poly(A) ■^-enriched  mRNA  Northern  blots.  Analysis  of  protein  levels 
awaits  the  development  of  BRMSl -specific  antibodies  (in  progress). 
An  RNA  blot  composed  of  a  panel  of  human  breast  carcinoma  cell 
lines  with  different  malignant  properties— MCF I OA,  MCF7, 
T41D^^\  MDA-MB-435,  MDA-MB-231,  LCCi5,  SUM185, 
SUMI315,  and  MKL-4  (8-12)  was  probed  with  full-length  BRMSl 
cDNA  to  assess  expression  levels.  These  cell  lines  were  chosen 
because  all  have  characteristics  that  labeled  them  as  ‘"aggressive.”  In 
our  hands,  however,  only  435  and  231  ai*e  reproducibly  metastatic  in 
athymic  mouse  models.  BRMSl  mRNA  expression  was  high  in 
LCC15  and  MKL-4,  but  expression  was  also  observed  in  MCFIOA, 
T47D,  SUM185,  and  SUM1315  cell  lines,^  Sequencing  is  underway 
to  determine  whether  BRMSl  is  wild-type  or  mutant  in  these  cell 
lines. 

In  summary,  we  found  a  new'  human  breast  carcinoma  metastasis 
suppressor  gene  by  DD-RTPCR  comparison  of  metastatic  435  cells 


Sakamaki  and  D.  R.  Welch,  unpublished  observations. 


and  metastasis-suppressed  neol  1/435  cells.  The  BRMSl  gene  maps  to 
a  ‘'hot  spot”  in  breast  cancer  progression,  human  chromosome  i  iqi3, 
further  supporting  the  likelihood  that  BRMSl  is  important  in  human 
breast  cancer  progression  toward  metastasis.  In  general,  low  expres¬ 
sion  of  BRMSl  correlates  with  the  metastatic  potential  in  human 
breast  carcinoma  cell  lines  in  nude  mice.  It  will  be  necessaiy  to  further 
analyze  the  BRMSl  gene  in  other  breast  ctircinomas  during  various 
stages  of  progression.  Presently,  it  is  not  possible  to  state  whetlier 
defects  in  human  breast  carcinoma  ai'e  due  to  down-regulation  of 
BRMSl,  murntion,  or  both.  Such  experiments  will  require  collection 
of  matched  samples  from  primary  tumors  and  metastases.  Because  the 
most  lethal  attribute  of  breast  cancer  cells  is  their  ability  to  spread  and 
colonize  distant  sites,  understanding  BRMS 1  function  may  help  pre¬ 
vent  metastasis  and  improve  breast  cancer  survival. 
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Abstract 


1 


Metastasis  is  the  most  lethal  attribute  of  a  cancer.  There  is  a  critical  need  for 
markers  that  will  distinguish  accurately  those  histologic  lesions  and  disseminated  cells, 
which  have  a  high  probability  of  causing  clinically  important  metastatic  disease,  from 
those  which  will  remain  indolent.  While  the  development  of  new  diagnostic  markers  of 
metastasis  was  the  initial  motivation  for  many  studies,  the  biological  approach  used  to 
identify  metastasis-suppressor  genes  has  provided  surprising  insights  into  the  in  vivo 
mechanisms  regulating  the  fonnation  of  metastases.  This  review  and  perspective 
describes  the  evolving  view  of  the  mechanisms  that  regulate  metastasis  and  the 
importance  of  metastasis-suppressor  genes  in  this  process.  The  known  metastasis- 
suppressor  genes  and  the  microcell-mediated  clu-omosomal  transfer  strategy  used  to 
identify  many  of  them  are  reviewed.  New  evidence  for  the  role  of  tliese  metastasis- 
suppressor  activities  (genes)  in  regulating  the  grov\i;h  of  disseminated  cancer  cells  at  the 
secondary  site,  the  potential  tor  the  identification  of  novel  therapeutic  targets,  and  the 
multidisciplinary  approach  needed  to  translate  this  information  into  clinical  tools  for  the 
treatment  of  metastatic  disease  are  discussed. 
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The  Clinical  Problem:  Predicting  Metastatic  Propensity 


Our  ability  to  detect  and  successfully  treat  localized  cancers  has  improved 
appreciably  in  recent  years.  However,  metastatic  disease  presents  a  continuing 
therapeutic  challenge  and  is  the  predominant  cause  of  death  for  most  cancer  patients. 
Thus,  there  is  an  emphasis  on  the  diagnosis  of  cancers  at  an  early  stage  when  they  are 
localized  and  most  probably  curable.  Although  screening  for  early  stage  disease  is 
logical,  its  utility  is  limited  by  the  inability  of  conventional  diagnostic  and  histologic 
parameters  to  predict  accurately  the  true  extent  and  prognosis  of  a  substantial  proportion 
of  clinically  localized  cancers  (1-3).  This  is  due,  in  part,  to  the  inherent  limitations  and 
subjectivity  of  current  grading  and  staging  systems  (4, 5). 

The  incidence  of  disease  recun'ence  in  surgical  patients  treated  for  prostatic  and 
breast  cancer  illustrates  this  problem  pailicularly  well.  Although  we  have  a  wealth  of 
clinical  and  biological  information,  a  large  percentage  of  apparently  resectable  and 
theoretically  curable  lesions  are  found  to  be  more  advanced  at  the  time  of  resection  than 
envisaged,  resulting  in  a  substantial  failure  rate  after  attempted  curative  surgery  (6-8).  In 
prostate  cancer  patients,  even  when  patient  selection  involves  the  exclusion  of  men  with 
“high  risk  factors”  (e.g.  poorly  differentiated  histology,  high  PSA,  clinical  suspicion  of 
local  invasion)  the  relapse  rate  after  radical  retroperitoneal  prostatectomy  approaches  20- 
30%  (9-11).  Similarly,  one-third  of  node  negative  breast  cancer  patients  develop 
metastases,  while  the  other  two-thirds,  despite  receiving  no  chemotherapy,  do  not  (12). 
Even  in  patients  with  small  tumors  and  negative  lymphnodes  (TINO),  there  is  a  15  to  25 
%  likelihood  of  distant  metastases  (8). 

Since  the  current  staging  system  does  not  accurately  identify  those  patients 
curable  by  regional  treatment  alone,  the  evaluation  of  additional  parameters  associated 
with  die  metastatic  phenotype  will  be  very  important  for  the  diffei'entiation  of  patients 
curable  by  surgery  alone  'from  those  requiring  systemic  therapy.  For  instance,  men  at 
high  risk  for  relapse  of  prostate  cancer  can  be  identified  (e.g.  serum  PSA  >  10  ng/ml, 
clinical  stage  T,  or  Tj  with  greater  that  50%  Gleason  grade  4  on  biopsy  or  clinical  stage 
T3  prostate  cancer)  and  would  be  immediate  candidates  for  adjuvant  anti-metastatic 
therapies  if  they  existed  (10,  11,  13-16).  Likewise,  breast  cancer  patients  with 
particularly  poor  prognoses  can  be  identified  by  the  detection  of  high  microvessel  counts 
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concurrent  with  low  Nm23  and/or  low  E-cadherin  expression  in  the  primary  tumor  (12- 
17).  In  fact,  these  parameters  are  more  significant  prognostic  biomarkers  than  the 
conventional  analysis  of  tumor  size  and  grade.  The  information  obtained  from  the 
simultaneous  evaluation  of  biomarkers  such  as  these,  will  potentially  lead  to  a  reduction 
in  the  morbidity  in  those  patients  not  requiring  chemotherapy  and  possibly  identify  those 
patients  requiring  more  aggressive  therapies  than  currently  used. 

Overall,  it  is  clear  that  there  is  a  critical  need  for  markers  that  will  distinguish 
accurately  those  histologic  lesions  and  disseminated  cells,  which  have  a  high  probability 
of  causing  clinically  important  metastatic  disease,  from  those  which  will  remain  indolent 
(5,  15).  Concerns  have  been  raised  tliat  “metastasis”  has  often  occurred  by  the  time  of 
diagnosis  of  tlie  primary  tumor,  the  implication  being,  that  it  is  then  too  late  for  anti¬ 
metastatic  tlierapy  to  be  of  use  (18).  However,  the  mere  spread  of  cancer  cells  into  the 
vasculature  or  to  a  secondary  site  does  not  constitute  a  metastatic  lesion.  Development  of 
clinically  significant  metastases  requires  that  a  cancer  cell  complete  a  series  of  well- 
defined  steps,  generally  referred  to  as  the  metastatic  cascade  (13).  If  a  cell  fails  to 
complete  any  one  of  these  steps,  overt  metastases  will  not  develop  (13-15).  The  clinical 
importance  of  disseminated  cancer  cells  (detected  by  sensitive  methods  such  as  RT-PCR) 
has  become  an  issue  of  considerable  interest  (19).  Several  such  studies  have  reported  the 
detection  of  tumor-derived  cells  in  the  circulation  and  bone  marrow  without  future 
development  of  disease  (16,  20,  21),  white  other  reports  have  demonstrated  an  increased 
risk  of  disease  recun-ence  in  patients  with  bone  marrow  micrometastases  both  for  prostate 
cancer,  by  tlie  detection  of  mRNA  transcripts  for  prostate  specific  antigen  (22),  and 
breast  cancer,  by  the  detection  of  cytokeratin-positive  cells  (23).  Even  in  these  later 
studies,  however,  the  majority  of  patients  with  positive  bone  marrow  samples  did  not 
actually  develop  recuiTent  disease,  although  the  percentages  may  increase  given  extended 
time  for  patient  follow-up.  The  discrepancy  regarding  the  clinical  importance  of 
disseminated  cells  is  likely  due  to  differences  in  the  experimental  approaches  used  to 
identify  cells  (i.e.  RT-PCR  vs.  immunohistochemical  detection). 

Tumor  cell  growth  at  the  metastatic  site  is  an  important  clinical  target  as  cells 
must  survive  and  proliferate  in  order  to  grow  into  overt,  macroscopic  metastases.  The 
first  step  toward  developing  effective  therapies  to  inhibit  such  growth  is  to  identify  the 
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genes/proteins  that  regulate  metastatic  colonization.  To  this  end,  a  growing  number  of 
laboratories  are  focusing  their  translational  research  efforts  on  the  discovery  of  genes  that 
specifically  regulate  the  metastatic  ability  of  cancer  cells.  For  example,  several 
metastasis-promoting  genes,  including,  WDNM-1,  WDNM-2,  MMPll  (stromelysin-3), 
MTAl,  and  ERBB2,  have  been  identified  in  association  with  the  development  of 
metastatic  breast  cancer  (24-28).  One  must  keep  in  mind,  however,  that  it  takes  the 
coordinated  expression  of  many  genes  to  allow  the  development  of  metastases  (29,  30). 
Thus,  while  it  is  relatively  easy  to  demonstrate  an  association  for  a  given  gene  with 
metastatic  ability,  it  is  difficult  to  prove  that  a  paiticular  gene  is  essential.  On  the  other 
hand,  in  experimental  systems  it  takes  only  one  gene  to  block  metastasis  formation. 
Metastasis-suppressor  genes  suppress  the  formation  of  spontaneous,  macroscopic 
metastases,  without  affecting  the  growth  rate  of  the  primary  tumor.  It  has  now  been  more 
than  ten  years  since  the  discovery  of  the  first  metastasis-suppressor  gene  nm23  (NMEl) 
(31).  Since  then,  reports  have  documented  the  important  role  of  the  loss  of  metastasis- 
suppressor  gene  function  in  the  acquisition  of  metastatic  ability  (15, 31-33). 

While  the  initial  motivation  for  these  studies  was  the  development  of  new 
diagnostic  markers  of  metastasis,  the  biological  approach  used  to  identify  metastasis- 
suppressor  genes  has  provided  surprising  insights  into  the  in  vivo  mechanisms  regulating 
the  formation  of  metastases.  We  anticipate  that  identifying  the  molecular  pathways  that 
regulate  metastatic  colonization  and  grotvth  control  at  the  secondary  site  will  provide 
additional,  potentially  novel  therapeutic  targets  for  the  treatment  of  metastatic  disease. 
The  purpose  of  this  review  is  to: 

1 .  Present  the  evolving  view  of  the  mechanisms  that  regulate  metastasis 

2.  Describe  the  functional  strategy  used  to  identify  metastasis-suppressor  genes 
and  discuss  important  principles  learned  fi'om  these  studies 

3.  Document  the  known  metastasis-suppressor  genes  and  report  new  evidence 
that  supports  their  role  in  the  regulation  of  growth  control  at  the  secondary 
site 

4.  Discuss  the  multidisciplinary  approach  needed  to  translate  metastasis- 
suppressor  genes  into  clinical  tools 

Regulation  of  Metastatic  Propensity  -  Evolving  Paradigms 


Metastasis  is  defined  as  the  formation  of  progressively  growing  secondary  tumor 
foci  at  a  site  discontinuous  from  the  primary  lesion  (15).  This  process  is  illustrated  by 
the  spontaneous  hematogenous  metastasis  of  tumor  cells  to  the  lung  (Figure  1,  Panel  A). 
The  formation  of  a  primary  tumor  requires  a  cadre  of  molecular  and  cellular  alterations 
that  enable  a  cell(s)  to  circumvent  normal  growth  control  mechanisms,  as  well  as,  to 
manipulate  its  local  environment  (14).  These  changes  include  the  development  of  a 
blood  supply  once  the  focus  of  transformed  cells  grows  beyond  a  size  that  can  be 
nourished  by  nutrient  or  metabolite  diffusion  (34,  35).  Tumor  progression  and  the 
acquisition  of  metastatic  competence  requires  additional  gene  expression  changes  (e.g. 
protein  degrading  enzymes,  adhesion  molecules)  that  culminate  in  a  malignant 
phenotype.  Following  invasion  into  adjacent  tissues,  tumor  cells  disseminate  via  blood 
vasculature  or  lymphatics  and  travel  individually  or  as  emboli  comprised  of  tumor  cells 
or  tumor  and  host  cells.  At  the  secondary  site,  cells  or  emboli  arrest  either  because  of 
their  physical  size  or  by  binding  to  specific  molecules  in  particular  organs  or  tissues  (15, 
36).  In  order  for  disseminated  cells  to  grow  into  overt  metastases,  they  must  survive  and 
proliferate  in  the  vasculature  or  in  the  surrounding  tissue  after  extravasation.  The 
formation  of  clinically  important  metastases  is  dependent  upon  the  completion  of  every 
step  of  this  cascade,  the  last  of  which  is  metastatic  colonization  (Figure  1)  (14).  The 
presence  of  isolated  cells  at  a  secondary  site  represents  a  risk  to  the  patient.  Cells  getting 
to  the  secondary  site  certainly  have  the  potential  to  colonize,  and  therefore,  it  is  crucial 
not  to  ignore  the  presence  of  neoplastic  cells  anywhere.  On  the  other  hand,  as  we  will 
show,  the  mere  presence  of  cells  does  not  necessarily  mean  that  metastatic  colonization 
will  occur.  The  challenge  is  to  determine  how  to  discriminate  between  disseminated 
cells  that  will  form  overt  metastases  from  those  that  will  not. 

Cancer  metastasis,  both  clinically  and  experimentally,  is  known  to  be  inefficient 
(37).  In  experimental  models,  less  than  0.1  %  of  cells  injected  into  the  circulation  go  on 
to  form  secondary  tumors  (15,  38).  While  many  factors  contribute  to  metastatic 
inefficiency,  those  considered  to  be  most  important  include  cell  survival  in,  and  escape 
from,  the  circulation  (18).  This  process  has,  for  the  most  part,  been  studied  using 
endpoint  assays  in  which  the  input  (the  number  and  kind  of  cells  injected)  is  known  and 
the  endpoint  (the  numbers  and  sizes  of  metastases  formed)  is  assessed  (18,  39).  The 
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processes  that  control  metastatic  efficiency  in  vivo  remain  hidden,  thus  mechanistic 
paradigms  have  largely  been  based  upon  logical  inference  rather  than  direct  observation. 
The  development  of  new  technologies  have  enabled  researchers  to  test  the  possibility  that 
cancer  cell  dissemination,  arrest,  and  growth  at  the  secondary  site  are  critical 
determinants  in  metastasis  formation. 

The  ability  to  observe  single  cells  has  been  greatly  enhanced  by  improvements  in 
intravital  microscopy  and  the  utilization  of  vital  fluorescent  dyes  like  green  fluorescent 
protein  (GFP)  (18,  40).  Studies  which  couple  these  two  powerful  techniques  have  added 
greatly  to  our  knowledge  of  the  metastatic  process  following  tumor  cell  entry  into 
circulatory  compartments.  The  use  of  in  vivo  video  microscopy  allows  for  the  direct 
obseivation  of  experimental  metastasis  over  time  (39).  Cancer  cells  can  be  fluorescently 
labelled  in  vitro  and  then  injected  into  an  animal.  The  cells  can  then  be  viewed  at 
different  time  points,  by  both  fluorescence  and  oblique  transillumination,  in  thin  tissues 
or  superficial  (<50  pm)  regions  of  thick  tissues  in  vivo  (39).  Experiments  utilizing  this 
technology  have  demonstrated  that,  in  contrast  to  the  long-held  belief,  the  vast  majority 
of  cancer  cells  in  the  microcirculation  manage  not  only  to  survive  there,  but  extravasate 
into  the  surrounding  tissue  within  1  to  2  days  (41, 42).  These  studies  have  translated  well 
into  the  clinical  arena.  Specifically,  the  vast  majority  of  clinical  studies  using  RT-PCR  to 
detect  prostate  tumor  cells  in  the  peripheral  circulation  and  bone  marrow,  found  no 
correlation  with  disease  failure  (16,  20,  21).  Taken  together,  the  clinical  and 
experimental  evidence  supports  the  observation  that  dissemination  from  the  primary 
tumor  site  is  a  frequent  event.  Furthermore,  these  independent  and  eorapleraentary 
studies  strongly  suggest  that  growth  control  of  individual  disseminated  cells  determines 
the  efficiency  of  metastatic  colonization. 

Metastatic  Colonization 

Metastatic  colonization  is  the  lodging  and  subsequent  growth  of  disseminated 
cancer  cells  into  clinically  significant  metastases  (Figure  1,  Panel  B).  In  order  to 
proliferate,  surviving  disseminated  tumor  cell(s)  must  be  able  to  enact  cell  appropriate 
context-dependent  signaling  cascades,  which  enable  them  to  survive,  enter  the  cell  cycle, 
and  divide.  While  disseminated  cells  are  likely  to  be  present  in  numerous  organs,  only 
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certain  environnient(s)  appear  to  be  permissive  for  their  survival  and  subsequent  growth 
(38,  43,  44).  Intercellular  interactions  with  the  stroma  and  with  other  tumor  cells  are 
critical  for  tumor  cell  survival  and  involve  die  activation  of  adhesion-dependent  survival 
pathways  such  as  tiiose  described  for  e-cadherin  (45,  46)  and  integrin  molecules  (47). 
Clusters  of  proliferating  cells  grow  into  lesions  consisting  of  a  few  hundred  that  can  be 
detected  histologically.  Cells  within  such  microscopic  lesions  can  receive  oxygen  and 
nutrients  by  diffusion.  Progressive  growth  of  microscopic  lesions  into  overt,  or 
macroscopic  metastases  which  are  greater  than  1  mm  in  diameter,  requires  that  the 
fraction  of  proliferating  cells  exceed  the  fraction  that  are  quiescent  or  apoptotic.  In  recent 
literature,  this  transition  from  microscopic  metastasis  to  a  macroscopic  metastasis  has 
often  been  referred  to  as  the  “switch  to  an  angiogenic  phenotype”  or  “the  angiogenic 
switch”  (48).  The  implication  of  this  terminology  is  that  microscopic  metastases  exist  in 
one  of  two  states;  either  the  lesion  is  forming  new  blood  vessels  (angiogenic)  or  not. 
However,  the  progression  from  a  “microscopic  lesion”  to  an  overt  metastasis  is  more 
accurately  described  in  terms  of  growth  control.  Indeed,  the  interchangeable  use  of 
“angiogenesis”  and  “growth”  has  been  a  source  of  confusion.  This  progression  may  occur 
over  a  period  of  months  or  even  years  and  is  not  necessarily  dependent  upon  new  blood 
vessel  formation.  Vascularization  is  in  fact  a  late  step  in  metastatic  colonization  (49). 
Recent  studies  have  shown  that  in  addition  to  the  induction  of  classical 
neovascularization  via  endothelial  cell  recruitment,  tumor  cell  masses  can  develop  a 
blood  supply  by  alternative  means  such  as  the  cooption  of  preexisting  host  vessels  (49)  or 
by  formation  of  tumor  channels,  a  process  referred  to  as  vascular  mimicry  (50).  As  will 
be  described  in  the  following  paragraphs,  recent  data  from  our  laboratories  suggests  that 
a  subset  of  metastasis-suppressor  genes  inhibit  earlier  steps  in  metastatic  colonization, 
prior  to  the  need  for  development  or  recruitment  of  vessels. 
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Identification  of  Metastasis-Suppressor  Activity:  A  Functional  Approach 

Metastasis-suppressor  genes  are  genes  that  suppress  the  formation  of 
(spontaneous)  macroscopic  metastases.  As  their  name  implies,  these  genes  are  distinct 
fi-om  oncogenes,  which  promote  cellular  transformation,  and  tumor-suppressor  genes, 
which  suppress  tumor  growth.  While  the  first  metastasis-suppressor  gene,  nm23  was 
identified  by  a  cDNA  subtraction  approach,  the  majority  of  metastasis-suppressor 
activities  identified  to  date,  have  been  discovered  using  microcell-mediated  chromosomal 
transfer  (MMCT;  Table  1).  The  choice  of  MMCT  strategy  was  logical  as  the  existence  of 
metastasis-suppressor  genes  was  originally  implicated  by  the  results  of  somatic  cell 
fusion  studies;  the  precursor  of  MMCT  (51-54).  The  techniques  for  the  generation  of 
genetically  stable  somatic  cell  hybrids  were  developed  in  the  early  studies  of  Barski, 
Ephrussi,  Okada,  and  Harris  (55).  In  most  instances,  fusion  between  malignant  cells  and 
normal  cells  results  in  hybrid  cells  which  are  suppressed  in  their  tumorigenic  capacity 
(56).  Ichikawa  et  al,  were  the  first  to  identify  specific  chromosomal  losses  associated 
with  the  reacquisition  of  metastatic  ability  (57).  In  their  study,  fiision  of  nonmetastatic 
and  highly  metastatic  Duiming  rat  prostatic  cancer  cells  resulted  in  nonmetastatic 
hybrids.  Importantly,  the  tumorigenicity  (e.g.  tumor  take  and  latency  period)  and  in  vivo 
growth  rates  of  the  primary  tumors  of  hybrid  clones  containing  a  full  complement  of  rat 
chromosomes  were  not  affected.  At  the  experimental  endpoint,  none  of  the  animals 
bearing  hybrid  tumors  developed  distant  metastases.  However,  when  the  nonmetastatic 
primary  tumors  were  serially  passaged  in  vivo,  animals  occasionally  developed  distant 
metastases.  Cytogenetic  analysis  of  these  metastatic  revertants  revealed  a  consistent  loss 
of  a  copy  of  rat  chromosome  2.  This  critical  study  suggested  that  the  loss  of  specific 
chromosomes  could  increase  the  metastatic  potential  of  prostate  cancer  cells  without 
affecting  growth  rate  or  tumorigenicity. 

The  observation  of  a  metastasis-suppressor  activity  being  associated  with  a 
specific  chromosome  occurred  coincident  with  the  development  of  MMCT  as  a  technique 
for  the  study  of  genes  encoded  by  individual  human  chromosomes  (51-54,  58-61).  In  this 
approach,  summarized  in  Figure  2,  well-characterized  donor  cells,  carrying  a  single 
human  chromosome  tagged  with  a  selectable  marker(s)  (e.g.  neomycin 
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phosphotransferase,  etc.)  are  used  to  transfer  the  chromosome  of  interest  into  recipient 
cells  (62).  Briefly,  donor  cells  are  sequentially  treated  with  colcemid,  to  depolymerize 
microtubules,  and  cytochalasin-B,  to  depolymerize  actin  bundles.  The  treated  cells  ai’e 
centrifuged  and  the  resulting  pellet  contains  the  microcells.  Microcells  ai-e,  in  effect, 
micelles  that  contain  single  or  multiple  chromosomes.  To  enrich  for  those  containing 
single  chromosomes,  the  microcells  are  size-fractionated  by  sequential  filtration  through 
polycarbonate  membranes  of  decreasing  pore  size.  Microcells  become  attached  to 
recipient  cells  in  the  presence  of  phytohemagglutinin  and  then  become  fused  with  the 
addition  of  polyethelene  glycol.  Recipient  cells  containing  human  chromosomes  are 
selected  in  G418-containing  media  and  then  characterized  by  molecular  and  cytogenetic 
methods  such  as  sequence  tagged  site  PCR,  karyotyping  and  fluorescence  in  situ 
hybridization  (63,  64).  The  complete  characterization  of  the  hybrids  under  study  is 
critical,  as  it  provides  information  on  the  addition  and  /or  deletion  of  donor  and  recipient 
chromosomal  material,  as  well  as,  any  rearrangements  that  may  have  occurred  during 
MMCT. 

Several  laboratories  have  employed  the  technique  of  MMCT  to  test  the  functional 
significance  of  chromosomal  alterations,  such  as  LOH,  observed  in  clinical  samples.  In 
addition,  the  use  of  MMCT  has  allowed  the  functional  identification  of  genes  conveying 
phenotypes  such  as  senescence  or  tumor  and  metastasis-suppression  (15,  65,  66).  A 
review  of  the  literature  shows  that  transfer  of  a  given  chromosome  can  have  different 
phenotypic  effects  that  are  dependent  on  the  characteristics  of  the  recipient  cell  line.  For 
example,  transfer  of  human  chromosome  7  into  an  immortalized  the  SUSM-1  fibroblast 
cells  induces  senescence  (67),  while  transfer  of  the  same  chromosome  into  a 
choriocarcinoma  cells  results  in  tumor  suppression  (68).  Such  results  have  enabled  the 
definition  of  complementation  groups  for  particular  chromosome  functions.  The 
potential  outcomes  of  transferring  a  particular  chromosome  into  highly  metastatic  cells 
are  summarized  in  Figure  2. 

Studies  using  highly  metastatic  Dunning  rat  prostatic  cells  as  the  recipients  for 
chromosomal  transfer  showed  that  chromosomes  12  and  17  specifically  suppressed  the 
metastatic  ability  of  these  cells  (63,  64).  The  observed  metastasis  suppression  had  no 
effect  on  tumor  growth  rate.  Interestingly,  in  analogous  studies,  transfer  of  these 
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chromosomes  suppressed  the  tumorigenicity  of  human  prostate  cancer  cell  lines  (69,  70). 
These  findings  could  result  from  at  least  three  alternative  mechanisms.  First,  a  given 
chromosomal  region  may  encode  a  number  of  different  genes,  one  or  more  of  which  may 
be  active  as  a  tumor-suppressor  gene  in  human  prostate  cancer  cells  but  inactive  or  not 
expressed  in  rat  prostate  cancer  cells.  Second,  genes  may  function  as  metastasis- 
suppressor  genes  when  expressed  in  rat  prostate  cancer  cells  but  may  be  inactive  or  not 
expressed  in  human  prostate  cancer  cell  lines.  Third,  the  gene(s)  which  lie  on  the  same 
chromosomal  region  may  have  different  functions  depending  on  the  context  of  the  cell 
(i.e.  cell  type)  in  which  they  are  expressed. 

In  this  third  case,  the  effect  of  the  gene  product  may  be  "limited  or  determined"  by 
the  recipient  cells.  We  refer  to  this  scenario  as  our  "cellular  hard- wiring"  hypothesis'.  For 
example,  human  prostate  cancer  cell  lines,  as  compared  to  Dunning  rat  prostatic  cancer 
cell  lines,  are  weakly  metastatic  in  spontaneous  metastasis  assays  (62).  These  differences 
in  their  in  vivo  biological  activities  could  be  the  result  of  genetic  differences  between  the 
tumor  cells,  or  they  could  result  from  an  epigenetic  mechanism  such  as  differential 
tumor-stromal  interactions.  The  nature  of  cellular  interactions  with  the  extracellular 
matrix  can  regulate  tissue-specific  gene  expression  as  cells  fonn  an  elaborate  thi'ee- 
dimeiisional  network  composed  of  the  nuclear,  cytoskeletal,  and  extracellular  matrices 
(28,  71).  Thus,  the  differential  effects  of  a  given  chromosome  transferred  into  different 
cell  types  can  be  die  result  of  differential  expression  of  die  genes  on  the  chromosome  as 
determined  by  the  way  a  cell  responds  to  its  environment. 

During  the  past  decade,  several  human  chromosomes  have  been  functionally 
tested  through  the  use  of  MMCT,  and  metastasis-suppressor  activities  have  been  reported 
on  chromosomes  1,  6,  7,  8,  10,  11,  12,  16  and  17  (63,  64,  72-82)  (Table  1).  Such 
functional  studies  have  enabled  the  identification  of  KAll,  KISS-1,  MKK4/MAP2K4  and 
BRMSl  as  metastasis-suppressor  genes. 


‘  In  our  work,  the  concept  of  cellular  hardwiring  refers  to  the  work  of  Pienta  and  Coffey  (71,  132). 
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Metastasis-Suppressor  Genes 

As  discussed  in  the  introduction,  metastasis-suppressor  genes  suppress  the 
formation  of  spontaneous,  macroscopic  metastases,  without  affecting  the  growth  rate  of 
the  primary  tumor.  To  date,  five  genes,  n/M25/NMEl,  KAIl,  KJSSl,  BRMSl,  and 
MK^¥/MAP2K4,  have  been  shown  to  meet  the  criteria  of  a  metastasis-suppressor  gene 
[Summarized  in  Table  2;  (32,  33,  83-119)].  The  role  of  other  genes,  such  as  CD44  and 
maspinlVlS,  in  metastasis  suppression  is  less  well-defined  (102,  120-131).  The  potential 
mechanism  of  action  of  all  of  these  genes  has  been  inferred  by  analogy  to  other  family 
members  and  observations  in  model  systems.  How  these  genes,  and  their  protein 
products,  function  to  suppress  metastasis  in  vivo  is  the  subject  of  enthusiastic  study. 
Decreased  expression  of  the  suppressor  gene  is  the  key  parameter  determining  metastatic 
potential  and  may  occur  by  a  variety  of  mechanisms  not  necessarily  loss  of 
heterozygosity  (33,  91).  At  this  time,  n/n23/NMEl  and  KAIl  are  the  most  well- 
charaeterized  metastasis-suppressor  genes  to  date. 

nm23/NMEl 

The  prototj^ical  metastasis-suppressor  gene,  nm23,  was  identified  in  the  murine 
K1735  melanoma  using  subtractive  hybridization;  and  six  human  homologs  have  been 
identified.  Nm23-Hl  expression  has  been  correlated  inversely  with  many,  but  not  all, 
late-stage,  metastatic  human  tumors  (91).  Transfection  of  cDNA  into  highly 

metastatic  murine  melanoma,  rat  mammary  adenocarcinoma,  and  human  breast  cancer 
and  melanoma  cells  reduces  their  invasiveness  and  metastatic  ability  in  vivo  (91).  In 
tumor  cohorts,  such  as  lung,  colon,  prostate,  etc.  [reviewed  in  reference  (87)],  where  no 
alterations  in  the  expression  pattern  of  Nm23-Hl  is  evident,  it  is  possible  that  the 
biological  function  of  Nm23-Hl  does  not  influence  malignant  progression  in  these  cell 
types  or  that  its  effects  are  inhibited  by  alternate  mechanisms.  The  mechanism  of  action 
for  metastasis  suppression  by  Nm23  still  remains  unknown,  however,  recent  evidence 
suggests  that  it  is  phosphorylated  and  may  be  involved  in  a  novel  signaling  pathway 
which,  in  turn,  controls  cell  motility  (84,  87). 
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KAIl 


The  localization  of  metastasis-suppressor  activity  to  rat  chromosome  2  in  the  cell 
fusion  experiments  by  Ichikawa  et  al.  prompted  the  search  for  homologous  metastasis- 
suppressor  genes  for  human  prostate  cancer.  The  first  of  such  genes  identified  was  KAIL 
MMCT  was  used  to  transfer  human  chromosome  1 1  into  Dunning  AT6.1  and  AT3.1  rat 
prostate  cancer  cells,  and  the  resulting  microcell  hybrids  were  assayed  for  metastasis 
suppression  in  immunodeficient  mice  (81).  These  studies  identified  the  metastasis- 
suppressor  gene  KAIl,  which  maps  to  llpll.2-pl3  (101).  The  metastasis-suppressor 
activity  of  KAIl  was  subsequently  demonstrated  by  transfection  into  AT6.1  cells  and 
assaying  the  metastatic  ability  of  individual  transfected  control  cell  lines  in  severe 
combined  immunodeficient  (SCID)  mice  (101).  Recent  reports  suggest  that  expression  of 
KAIl  decreases  both  the  invasiveness  and  motility  of  cells  in  vitro  (101,  110). 
Additional  studies  show  that  KAIl  transfectants  exhibit  enhanced  Ca^-independent 
aggregation  indicating  that  KAIl  expression  alters  cell-cell  interactions  (109).  In  clinical 
studies,  KAIl  protein  expression  was  found  to  be  down  regulated  in  more  than  70%  of 
the  primary  prostatic  cancers  and  in  all  of  the  lymph  node  metastases  examined  from 
untreated  patients  (33).  Its  down  regulation  has  also  been  correlated  with  progression  in 
a  wide  variety  of  cancers  including  pancreatic,  hepatocellular,  bladder,  breast,  and  non 
small  cell  lung  cancers  (32,  133-136),  as  well  as,  esophageal  cell  carcinomas  (137), 
squamous  and  lymphoid  neoplasms  (138).  These  data  suggest  that  KAIl  has  a 
conserved  metastasis-suppressor  function.  Further,  these  studies  demonstrate  that 
metastasis- suppressor  genes  can  be  developed  as  clinical  markers  even  before  their 
biochemical  mechanism  of  action  has  been  elucidated. 
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Fmerping  Role  of  Metastatis-Suppressor  Genes  in  the  Reeiilation  of  Metastatic  Growth 


While  it  is  tempting  to  speculate  on  the  mechanism  of  action  of  genes  listed  in 
Table  2,  examination  of  how  genes  such  as  MKK4  or  BRMSl  suppress  metastasis  will 
require  construction  of  appropriate  biochemical  constructs  and  identification  of  in  vitro 
conditions  that  will  enable  us  to  conduct  meaningful  biochemical  and  molecular  studies. 
As  a  first  step  to  accomplishing  this  goal,  our  laboratories  have  initiated  studies  designed 
to  examine  the  step  in  the  metastatic  cascade  inhibited  by  a  chromosome  or  gene  of 
interest.  As  an  example  of  these  studies,  we  will  present  recent  work  on  the  metastasis- 
suppressor  activity  encoded  by  chromosomes  17  and  6.  These  studies  have  brought  us 
closer  to  defining  mechanisms  of  metastasis  suppression. 

Chromosome  1 7  Mediates  Suppression  of  Growth  at  the  Secondary  Site 

We  have  recently  reported  the  identification  of  a  discontinuous  portion  of  human 
chromosome  17  (D17S952-^D17S805,  D17S930^  D17S797,  and  D1 75944-^  qter)  that 
suppresses  the  metastatic  ability  of  AT6.1  Dunning  rat  prostatic  cancer  cells  when 
introduced  via  MMCT  (63,  80).  PCR  and  Southern  blot  analyses  demonstrated  that  tluee 
of  the  four  markers  on  17pl3,  including  HICl  and  TP53,  and  12  of  die  13  markers  in 
17q21-23,  including  BRCAl  and  the  metastasis-suppressor  gene  NMEl  (nm23),  were  not 
retained  in  this  region  (63).  AT6.1  microcell  hybrids  containing  this  portion  of 

chromosome  17  were  tested  in  spontaneous  metastasis  assays.  At  the  experimental 
endpoint,  the  number  of  overt  surface  metastases  obser\'^ed  in  the  lungs  fi-om  mice  with 
AT6.1-17  tumors  was  reduced  15  to  30-fold  as  compared  to  lungs  fi-ora  mice  bearing 
parental  AT6.1  tumors  (63).  This  suppression  could  be  due  to  the  inhibition  of  any  step 
within  the  metastatic  cascade.  We  reasoned  that  examination  of  the  biology  of  metastasis 
suppression  would  provide  clues  to  die  identity  of  genes  responsible  for  suppression  of 
metastatic  growth.  A  series  of  in  vivo  experiments  were  conducted  and  no  evidence  was 
found  to  suggest  that  there  is  a  decrease  in  the  number  and/or  \'iability  of  tumor  cells 
colonizing  the  lung  (80). 

Based  upon  these  findings,  we  hypothesized  that  a  gene(s)  encoded  by  the 
suppressor  region  of  chromosome  17  functions  by  inhibiting  the  growth  of  metastases  in 
the  lung  (139).  To  test  this  possibility,  AT6.1-17  cells  were  transduced  with  a  p- 
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galactosidase  (P-gal)  reporter  gene  construet  (AT6.1-17T(3gal  cells)  and  used  in 
spontaneous  metastasis  assays  (2).  At  the  experimental  endpoint,  animals  were  sacrificed 
and  the  excised  lungs  were  stained  for  P-gal  expression.  This  approach  allowed  the 
visualization  of  microscopic  AT6.1-17pgal  surface  metastases.  Subcutaneous  injection 
of  AT6.1  parental  cells  results  in  the  formation  of  a  mean  number  of  97  overt  surface 
metastases  per  lung  (Fig.  3,  A,  left).  As  expected,  the  number  of  overt  macroscopic 
metastases  detected  by  Bouin’s  fixation  after  the  subcutaneous  (sc.)  injection  of  AT6.1- 
17-TPgal  cells  is  greatly  reduced.  The  use  of  Bouin’s  fixative  allows  for  the  visualization 
of  macroscopic  metastases;  however,  microscopic  metastases  are  not  detected  (Fig.  3,  A, 
middle).  In  contrast,  when  lungs  removed  fi-om  mice  carrying  AT6.1-17-Tpgal  tumors 
were  stained  for  P-gal  activity,  numerous  blue-staining  microscopic  metastases  were 
observed  (Fig.  3,  A,  right).  Interestingly,  the  mean  number  of  AT6.1-17-TPgal 
micrometastases  (i.e.  62  ±  12)  detected  by  this  method  is  similar  to  the  number  of 
macroscopic  AT6.1  metastases  (i.e.  97  ±  6).  These  results  demonstrate  that  AT6.1-17 
cells  do  escape  from  the  primary  tumor  and  arrest  in  the  lungs,  but  do  not  form  large 
metastatic  foci  (139). 

Because  of  the  similarity  between  our  findings  to  the  angiostatin-mediated  dormancy 
reported  by  Holmgren  et  al.  (140),  we  investigated  the  possibility  that  AT6.1-17  primary 
tumors  secrete  a  substance  that  suppresses  the  growth  of  its  own  metastases  (139).  For  this 
experiment,  2  x  10^  AT6.1-17  cells  were  injected  subcutaneously  into  the  flanks  of  SCID 
mice  which  were  then  divided  into  two  experimental  groups.  Once  the  tumors  reached  a 
volume  of  1  cm-\  the  tumors  were  surgically  removed  fi'om  the  mice  in  the  first  group  while 
those  in  the  second  gi'oup  were  left  intact,  although  a  contralateral  sham  surgery  was 
performed.  It  was  anticipated  that  if  tlie  AT6.1-17  primary’  tumor  secretes  a  substance  like 
angiostatin,  which  suppresses  the  growth  of  its  own  metastases,  then  a  significant  increase  in 
the  number  of  overt  metastases  should  develop  in  the  lungs  of  mice  in  which  the  primary 
tumors  had  been  removed.  However,  after  approximately  65  days  post-injection,  tire 
animals  were  sacrificed  and  examination  of  the  lungs  from  both  groups  showed  no 
difference  in  the  numbers  of  overt  macrometastases  (139).  Thus,  these  studies  found  no 
evidence  for  an  antiangiogenic  mechanism  in  this  model. 
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Taken  together,  our  data  suggested  that  AT6.1-17  cells  escape  from  the  primary 
tumor  but  are  growth  inhibited  at  the  secondary  site  (139).  If  this  is  an  early  event,  we 
predicted  that  viable,  disseminated  AT6.1  and  AT6.1-17  cells  should  be  present  in  the  lung 
at  very  early  time  points.  We  found  that  viable  cells  could  be  harvested  from  the  lungs  of 
both  AT6.1-  and  AT6.1-17-  tumor  bearers  as  early  as  18  days  post-injection  (Figure  3,  Panel 
B).  Our  preliminary  time-course  data  show  that  AT6. 1-17  cells  disseminate  and  arrest  in  the 
lungs,  but  have  an  extended  latency  period  as  compared  to  AT6.1  parental  cells. 

Chromosome  6 

Based  upon  the  high  incidence  of  chromosome  6  abnormalities  in  late-stage 
human  melanoma,  we  introduced  an  intact  chromosome  6  into  the  highly  metastatic 
C8161  human  melanoma  cells  by  MMCT.  Parental  cells  formed  tumors  in  every  mouse 
injected  intradermally  with  1  x  10^  cells;  and  more  than  90%  of  the  mice  developed 
regional  lymph  node  and  lung  metastases.  In  contrast,  chromosome  6-C8161  hybrids 
(neo6/C8161)  were  still  tumorigenic  but  completely  suppressed  for  metastasis  from  an 
orthotopic  site  (141).  Intravenous  injection  of  neo6/C8161  cells  also  did  not  produce 
metastases.  Introduction  of  a  chromosome  6  with  deletions  on  the  long  arm  recently 
mapped  the  metastasis-suppressor  locus  to  a  40  Mb  region  represented  by  chromosomal 
bands  6ql6.3-q23  (142). 

The  mechanism  of  action  for  the  metastasis-suppressor  was  studied  using  a 
variety  of  in  vitro  and  in  vivo  techniques.  The  neo6/C8161  cells  were  still  locally 
invasive  and  cells  were  even  detected  in  efferent  vessels.  This  implied  that  the  step(s)  in 
the  metastatic  cascade  inhibited  by  introduction  of  chromosome  6  were  subsequent  to 
intravasation.  The  identity  of  those  steps  was  not  further  elucidated  using  in  vitro  assays 
mimicking  adhesion,  invasion,  motility  or  growth.  No  significant  differences  between 
the  metastatic  and  nonmetastatic  cells  were  observed  using  the  many  in  vitro  assays  (72, 
73,  141,  143). 

To  better  define  the  step(s)  in  metastasis  blocked  by  addition  of  chromosome  6, 
cells  that  constitutively  express  green  fluorescent  protein  (GFP)  were  engineered.  GFP- 
tagged  C8161  and  neo6/C8161  cells  were  injected  intravenously  into  athymic  mice. 
C8161,  as  expected,  formed  overt  metastases,  but  neo6/C8161  cells  did  not.  Microscopic 
metastases  (single  cells  or  clusters  of  <10  cells)  were  observed  in  the  lungs  following 
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neo6/C8161  cell  injection,  suggesting  that  these  cells  lodged  in  the  lungs  but  failed  to 
proliferate  (144).  To  determine  whether  the  fluorescing  cells  were  viable,  they  were 
isolated  from  lung  up  to  60  days  post-injection  and  grown  in  culture.  Upon  injection  into 
the  skin  of  ath)nnic  mice,  the  neo6/C8161  cells  grew  at  rates  similar  to  previously 
uninjected  neo6/C8161  cells.  This  result  implies  that  the  gene(s)  on  chromosome  6 
interfere  specifically  with  growth  regulatory  responses  in  the  lung,  but  not  in  the  skin. 

From  Gene  Discovery  to  Clinical  Utility 

This  review  has  focused  on  the  identification  and  development  of  metastasis- 
suppressor  genes  as  new  additions  to  our  molecular  armamentarium.  As  translational 
researchers,  our  immediate  goal  is  to:  (1)  improve  the  ability  of  the  pathologist  to 
unambiguously  distinguish  malignant  from  indolent  lesions  and  (2)  help  the  clinician 
differentiate  tumors  with  a  high  likelihood  of  metastasis  from  those  that  do  not.  The 
practical  question  therefore,  is  how  can  we  use  these  genes,  or  the  pathways  that  they 
regulate,  to  improve  patient  management?  When  the  search  for  metastasis-suppressor 
genes  was  initiated  in  the  late  1980s,  the  major  challenge  was  the  identification  of 
candidate  genes.  Recently,  however,  there  has  been  an  explosion  in  the  genetic 
information  that  is  instantly  available.  Fxirthermore,  due  to  the  efforts  of  independent 
laboratories  and  cooperative  efforts,  such  as  the  Cancer  Genome  Anatomy  Project  of  the 
NCI,  cancer  transcriptomes  and  proteomes  will  soon  be  available  (145,  146).  New 
technologies  will  continue  to  increase  our  ability  to  dissect  molecular  pathways  in 
individual  cells  within  human  cancers.  While  this  wealth  of  information  will  no  doubt  be 
of  use,  work  from  Bissell,  Cuhna,  and  Chung  has  clearly  demonstrated  that  tissue 
structure  determines,  or  at  least  greatly  influences,  gene  expression  and  function  (147- 
154).  Thus,  it  may  be  extremely  difficult  to  predict  the  importance  of  genes  expressed  in 
individual  microdissected  cancer  cells  to  the  biology  of  the  intact  tumor,  the  behavior  of 
which  is  determined  by  complex  interactions  of  a  population  of  cells.  The  present 
challenge  is  to  identify  the  genes  that  are  functionally  important  in  the  acquisition  of 
metastatic  ability  (a  real  Y2K  dilemma).  Achieving  this  goal  will  require  the  use  of  well- 
characterized,  in  vivo  (animal)  models  coupled  with  clinical  correlative  studies.  It  must 
be  emphasized  that  in  vitro  models  do  not  accurately  reflect  in  vivo  metastasis  (155). 
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Indeed,  none  of  the  metastasis-suppressor  genes  described  herein  could  have  been 
identified  using  traditional  in  vitro  assays.  Given  the  inherent  variability  and  nonlinear 
behaviors  of  biological  systems,  it  is  probable  that  no  one  model  will  prove  adequate  in 
sorting  out  the  contributions  of  the  multiplicity  of  genes  involved  in  the  development  of 
metastases.  Thus,  it  is  more  advantageous  to  focus  studies  on  a  particular  model  and 
tease  out  important  cellular  pathways  modulated  by  a  particular  gene  of  interest,  and 
then,  test  and  verify  the  importance  of  the  target  pathway  in  clinical  disease,  as  well  as,  in 
additional  model  systems. 

Technological  advances  are  enabling  us  to  examine  the  metastatic  process  and  the 
genes  that  regulate  it  in  new  ways.  This  ability  has  caused  us  to  reevaluate  fundamental 
concepts  concerning  the  determinants  of  metastatic  propensity.  In  the  past,  the  escape  of 
cells  from  the  primary  site  was  viewed  as  the  rate-limiting  step  for  the  development  of 
metastases.  The  clinical  implication  being,  that  disseminated  cancer  cells  were  destined 
to  become  clinically  important  metastases,  thus,  "antimetastatic"  therapies  were  no 
longer  of  use  (18).  Findings  from  clinical  studies  and  basic  research  from  several 
independent  laboratories,  have  shown  that  survival  and  subsequent  growth  of 
extravasated  cancer  cells  at  the  secondary  site  may  determine  metastatic  efficacy.  These 
observations  are  driving  our  laboratories,  and  others,  to  reconsider  the  role  of  endothelial 
cell-  tumor  cell  interactions  in  survival  signaling  and  growth  control  cascades  in  order  to 
develop  new  strategies  for  controlling  the  growth  of  disseminated  cancer  cells  (39,  45, 
156). 

As  metastasis  researchers,  we  find  ourselves  in  the  midst  of  a  revolution.  In 
preparing  this  review  we  considered  the  parallels  between  recent  developments  in  our 
field  and  the  development  of  the  field  of  molecular  biology.  Much  of  early  molecular 
biology  was  pursued  by  individuals  who  were  not  trained  as  biologists,  but  as  physicists 
such  as  Max  Delbriick  (157).  We  are  respectful  of  the  observations  of  Erwin 
Schrodinger,  the  father  of  statistical  mechanics,  who  observed  that,  “all  of  the  physical 
and  chemical  laws  that  are  known  to  play  an  important  part  in  the  life  of  organisms  are  of 
the  statistical  kind.  The  behavior  of  such  systems  depends  entirely  on  a  large  number  of 
molecules  that  cooperate  to  form  the  observed  function  or  phenotype  (158).”  Although 
this  comment  was  made  in  regard  to  normal  biological  processes,  it  is  equally  applicable 
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to  the  multiple  genetic  changes  that  are  required  for  the  acquisition  of  metastatic  ability. 
Metastasis  is  a  complex,  multigenic  phenotype.  As  such,  multiple  markers  will  be 
needed  for  the  accurate  assessment  of  metastatic  ability.  This  is  highlighted  by  the 
tremendous  impact  of  seemingly  trivial  experimental  manipulations  on  the  outcome  of 
metastasis  assays  (155).  Recently,  parallels  have  been  drawn  between  the  behavior  of 
cancer  cells  and  complex  adaptive  systems  (159,  160).  As  such,  very  small  changes  in 
initial  conditions  may  produce  an  outcome  of  such  great  diversity  it  seems  random  (159). 
Ultimately,  we  believe  that  in  order  to  translate  our  molecular  findings  into  meaningful 
markers,  we  will  have  to  go  beyond  our  traditional  areas  of  expertise  and  work  with 
mathematicians,  computational  biologists  and  others  to  take  this  revolution  fi'om  bench  to 
bedside. 
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Figure  Legends 


Figure  1.  Development  of  spontaneous  hematogenous  metastases.  Panel  A.  The 
development  of  spontaneous  hematogenous  metastases  requires  cancer  cells  to 
complete  a  well-defined  series  of  steps.  This  figure  is  adapted  from  reference  1 1 . 
Panel  B  In  order  to  form  overt  metastases,  disseminated  cells  must  complete 
additional  steps  at  the  metastatic  site(s). 

Figure  2.  Identification  of  metastasis-suppressor  activities  using  microcell  mediated 
chromosomal  transfer.  A9  donor  cells  containing  a  single  human  chromosome 
are  used  for  the  preparation  of  microcells  that  will  be  transferred  to  the  recipient 
cell  lines.  Stable  microcell  hybrids  are  selected  and  characterized  by  molecular 
and  cellular  methods.  Inclusion  of  a  variety  of  controls  is  critical  for  the 
definition  of  metastasis-suppressor  activity  in  vivo.  The  potential  outcomes  of  in 
vivo  studies  using  control,  suppressed  and  unsuppressed  hybrids  are  illustrated  at 
left. 

Figure  3.  Examination  of  the  mechanism  of  metastasis  suppression  by  chromosome  17 
and  6.  Panel  A.  Quantification  of  overt  surface  metastases  and  micrometastases. 
AT6.1  cells  are  highly  metastatic  rat  prostate  cancer  cells.  AT6.1-17-Tpgal  cells 
contain  the  metastasis-suppressor  region  of  human  chromosome  17  and  are 
tagged  with  a  P-galactosidase  reporter  gene  enabling  the  sensitive  detection  of 
microscopic  metastases.  The  numbers  of  overt  and  microscopic  metastases  were 
determined  using  Bouin's  and  X-gal  staining  respectively.  At  the  experimental 
endpoint,  lungs  were  removed  from  tumor  bearing  animals.  Left,  lung  from 
AT6.1  tumor-bearing  animal  stained  with  Bouin's  solution;  Middle,  lung  from 
AT6.1-17-TPgal  tumor-bearing  animal  stained  with  Bouin's  solution;  and  Right, 
lung  from  AT6.1-17-TPgal  tumor-bearing  animal  stained  for  Pgalactosidase 
activity.  The  average  number  of  overt  or  microscopic  metastases  and  SE  are 
shown  below  the  panels.  This  Figure  is  adapted  from  reference  115.  Panel  B.  A 
combination  of  techniques  has  been  used  to  examine  the  timecourse  of  cancer  cell 
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dissemination  and  groAvth  in  suppressed  AT6.1-17  cells  as  compared  to  metastatic 
AT6.1  parental  cells.  These  data  indicate  that  genes  encoded  by  chromosome  17 
inhibit  a  step  in  metastatic  colonization.  Panel  C.  Photomicrographs  of  mouse 
lung  following  intravenous  injection  of  GFP-tagged  C8161  and  metastasis- 
suppressed  neo6/C8161  cells  (Panel  C3)  are  present.  At  one  month,  however, 
C8161  cells  have  proliferated  to  form  macroscopic  lung  lesions  (Panel  C2);  but 
most  neo6/C8161  cells  have  been  cleared.  Occasional  single  cells  (Panel  C4, 
arrows)  can  be  found  in  the  lungs,  but  fail  to  proliferate.  These  results  imply  that 
chromosome  6  suppresses  metastasis  by  inhibiting  the  ability  of  C8161  cells  to 
grow  in  the  lung  at  an  early  stage  of  colonization.  Data  adapted  jfrom  [120]. 
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Table  1.  Chromosomal  regions  identified  by  MMCT  that  suppress  metastases  in 
vivo 


Chromosomal 

Location 

Cell  Lines  Tested^ 

In  Vivo  Phenotype 

chromosome  1 

MelJuSo  (hu) 

ND 

i  spont.  mets. 
i  exp.  mets.  < 

6ql6.3-q23 

melanoma 

[73, 

74] 

C8161  (hu) 

Np  motility 

4-  spont.  mets. 

4/  exp.  mets. 

occasional  single  cells  (detected  by 
GFP  tagging)  which  are  growth 
suppressed  but  viable 

MelJuSo  (hu) 

ND 

4-  spont.  mets. 

X  exp.  mets. 

chromosome  6 

breast 

MDA-MB-435  (hu) 

ND 

NE  spont.  mets. 

[75] _ 

7q21-22  and/or 

7q3 1.2-32 

AT6.3  (rt) 

ND 

i  spont.  mets. 
i  exp.  mets. 

8p21-pl2 

prostate 

[77, 

78] 

AT6.2  (rt) 

4^  invasion 

i  spont.  mets. 

NE  exp.  mets. 

10cen-10q23 

AT6.3  (rt) 

ND 

i  spont.  mets. 

llql3.1-13.2 

llpter-ql4 

breast 

[75, 

80] 

MDA-MB-435  (hu) 

R1564  (rt) 

ND 

ND 

i  spont.  mets. 

NE  spont.  mets. 

llpll.2-13 

prostate 

[68] 

AT6.1  (rt) 

AT3.1  (rt) 

ND 

ND 

4-  spont.  mets. 

4-  spont.  mets. 

12qcen-ql3 

and/or 

12q24-ter 

prostate 

[64] 

AT6.1 

NE  motility^ 

NE  invasion^ 

X  spont.  mets. 

no  micrometastases  observed  at  the 
experimental  endpoint 

16q24.2 

ISIH 

AT6.1 

ND 

i  spont.  mets. 

17pl2- 

11.2and/or 

17cen-ql2 

prostate 

[63] 

AT6.1 

NE  motility^ 

NE  invasion^ 

X  spont.  mets.  micrometastases 
observed  at  the  experimental 
endpoint 
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'  The  species  of  origin  is  indicated  for  each  cell  line;  (hu),  human,  (rt),  rat;  references  shown  in 
brackets. 

^  Motility  was  measured  by  micropipet  motility  assay  or  by  migration  towards  a  chemoattractant 
in  Boyden  chambers.  Invasion  was  measured  by  migration  through  Matrigel. 

^  Rinker-Schaeffer,  C.  W.,  unpublished  results. 
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Table  2.  Summary  of  metastasis-suppressor  genes  identified 
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Metastasis  suppressor  gene 

Danny  R.  Welch,  drw9@psu.edu,  Jake  Gittlen  Cancer  Research  Institute,  The 
Pennsylvania  State  University  College  of  Medicine,  Hershey,  USA 

Definition 

A  gene  which  blocks  metastasis  without  affecting  tumorigenicitv.  The  suppressing 
activity  could  be  the  result  of  alterations  at  any  of  the  steps  in  the  metastatic  cascade. 

Molecular  Characteristics 

Although  the  definition  of  a  metastasis  suppressor  gene  would,  at  first,  appear 
straightforward,  it  is  important  to  emphasize  the  distinctions  between  tumorigenesis, 
tumor  progression,  invasion  and  metastasis.  This  section  will  briefly  highlight  the  key 
aspects  of  those  differences,  but  readers  are  encouraged  to  refer  to  individual  entries  for  a 
more  complete  understanding  of  the  terms. 

Tumorigenesis  refers  to  a  cell’s  ability  to  proliferate  continuously  in  the  absence  of 
persistent  stimulation  by  the  triggering  carcinogenic  agent(s).  Tumor  progression  is  the 
evolution  of  already  tumorigenic  cells  (populations)  towards  increasing  malignancy. 
Invasion  is  the  migration  of  tumor  cells  away  from  the  primary  tumor  mass.  This  process 
can  involve  the  breakdown  of  physical  barriers  (e.g.,  basement  membranes)  by  secretion 
of  proteinoses  (i.e.,  protein-degrading  enzymes).  Metastasis  is  the  process  by  which  a 
tumor  cell(s)  spreads  to  other  sites  in  the  body  and  establishes  a  secondary  tumor  colony. 
The  process  is  complex  and  involves  many  steps  (i.e.,  the  metastatic  cascade). 

The  genetics  of  metastasis  can  be  conceptualized  as  consisting  of  two  components  - 
positive  and  negative  regulators.  The  positive  regulators  (i.e.,  metastasis  promoting 
genes)  drive  metastasis  formation.  These  are  genes  which,  when  expressed  enhance  the 
ability  of  a  cell  to  complete  one  or  more  steps  in  the  metastatic  cascade.  An  example  is 
the  MMPs  (matrix  metalloproteinases)  which  are  involved  in  enzymatic  breakdown  of 
basement  membrane  matrices.  It  is  important  to  note  that  most  metastasis  promoting 
genes  are  neither  necessary  (because  of  redundancy)  nor  sufficient  (because  of  the 
multiple  steps  in  the  metastatic  cascade)  to  confer  metastatic  competency  upon  cells. 

Two  genes  -  RAS  and  MEKl.  however,  do  confer  both  tumorigenic  and  metastatic 
potential  upon  NIH3T3  cells. 

In  contrast,  metastasis  suppressor  genes  inhibit  metastasis.  Since  metastasis  requires  cells 
to  complete  every  step  in  the  metastatic  cascade,  these  genes  can  block  any  step(s)  in  the 
process.  The  first  metastasis  suppressor  gene  was  discovered  in  1984.  Since  that  time, 
several  candidate  genes  have  been  identified,  but  only  six  have  been  shown  to  suppress 
metastasis  in  vivo  —  NMEl.  KiSSl.  KAIl.  E-cadherin.  BRMSl.  and  MKK4.  Please  refer  to 
individual  entries  for  more  details. 


Metastasis  suppressor  genes  and  metastasis  promoting  genes  are  analogous  to  tumor 


suppressor  genes  and  oncogenes,  but  there  are  important  distinctions.  Tumor  suppressor 
genes  dominantly  inhibit  tumor  formation  when  wild-type  expression  is  restored  in  a 
neoplastic  cell.  By  definition,  then,  metastasis  would  also  be  suppressed  (since  the  cells 
are  nontumorigenic).  Metastasis  suppressor  genes,  on  the  other  hand,  block  only  the 
ability  to  form  metastases.  Restoring  expression  of  a  metastasis-suppressor  would  yield 
cells  which  are  still  tumorigenic,  but  which  are  no  longer  metastatic. 

How  are  metastasis  suppressor  genes  identified? 

Two  general  approaches  have  been  used  to  identify  metastasis-controlling  genes.  The 
first  involves  comparison  of  gene  expression  in  poorly  or  nonmetastatic  cells  with 
matched  metastasis-competent  cells.  The  specific  techniques  employed  are  differential 
display  and  subtractive  hybridization.  The  second  takes  advantage  of  clinical 
observations  that  identified  nonrandom  chromosomal  changes  that  occur  during  tumor 
progression.  This  information  localized  the  gene(s)  from  which  cloning  could  commence. 
Based  upon  karyot5q)ic  patterns  observed  in  human  cancers,  additional  metastasis 
suppressor  genes  to  those  listed  above  are  hypothesized  to  exist;  however,  the  identities 
of  the  specific  genes  have  yet  to  be  determined. 

Clinical  Relevance 

The  existence  of  genes  that  block  metastasis  implies  that  the  metastasis  could  be 
theoretically  controlled  by  agents  which  regulate  these  genes  or  mimic  their  behavior. 
However,  gene  therapy  is  not  yet  possible.  In  the  meantime,  however,  the  differential 
expression  of  metastasis-associated  genes  is  being  used  by  pathologists  to  more 
accurately  define  the  cancers. 
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Definition: 

BRMS 1  [Breast  Metastasis  Suppressor  1]  is  a  human  metastasis  suppressor  gene 
which,  when  over  expressed,  suppresses  metastasis  of  human  breast  carcinoma  cell  lines  in 
immunocompromised  mouse  models. 

Molecular  Characteristics 

BRMSl  is  located  on  chromosome  1  Iql3.1-ql3.2.  It  is  spread  over  10  Kb  and  is  comprised  of  10 
exons,  the  first  exon  being  untranslated.  BRMSl  cDNA  is  1485  base  pairs  and  encodes  a  novel 
protein  of  246  amino  acids  (Mr~  28.5  kDa).  It  is  fairly  conserved  across  species  with  it  mouse 
homolog  [brmsl]  having  95%  homology  at  amino  acid  level.  BRMSl  protein  sequence  shows 
presence  of  two  nuclear  localization  sequences,  two  coiled-coil  motifs  and  imperfect  leucine 
zippers.  It  also  shows  presence  of  acid  rich  N-terminus  and  a  potential  endoplasmic  retention 
signal.  Thus,  it  shows  characteristics  of  a  transcription  factor,  but  this  function  has  yet  to  be 
definitively  established.  BRMSl  expression  is  not  correlated  with  expression  of  other  known 
metastasis  suppressor  genes  viz.  Nm23,  Kai  1,  KiSSl  and  E-cadherin  suggesting  its  involvement 
in  a  novel  metastasis  suppressor  cascade. 

Cellular  and  functional  characteristics 

BRMSl  shows  almost  ubiquitous  expression  in  human  tissues,  with  highest  expression  in 
kidney,  placenta,  peripheral  blood  lymphocytes  and  testis.  Lowest  expression  is  in  brain  and 
lung.  Subcellular  fractionation  and  immunofluorescence  studies  have  determined  that  BRMSl 
protein  is  predominantly  nuclear.  BRMSl  is  involved  in  the  establishment  of  cell-cell 
communication  via  gap-junctions,  which  is  evident  from  the  re-establishment  of  gap  junctional 
intercellular  communication  in  MDA-MB-435  and  MDA-MB-23 1  human  breast  carcinoma 
cell  lines.  Wound  healing  studies  performed  in  the  same  cell  lines  revealed  an  inverse  effect  of 
BRMSl  expression  on  cell  motility.  These  results  suggest  that  BRMSl  exerts  complex  changes 
on  the  breast  carcinoma  cells.  Whichever  changes  in  cell  behavior  are  responsible  for  metastasis 
suppression  will  require  further  experimentation. 

Clinical  Relevance: 

Survival  rates  and  quality  of  life  in  breast  cancer  patients  is  significantly  worse  for  patients  with 
stage  IV  (metastatic)  disease.  Thus,  decreased  morbidity  or  mortality  depends  upon  prevention 
and  /or  effective  treatment  of  metastatic  disease.  Karyotypic  alterations  such  as  deletions  or 
translocations  are  frequent  in  cancerous  cells.  Among  the  most  common  changes  (40-65%  of 
cases)  occurring  in  breast  carcinoma  are  deletions  and  amplifications  near  band  1  lql3.  This 
stresses  the  importance  of  the  region  encoding  or  adjacent  to  BRMSL  Now  that  BRMSl  has 
been  demonstrated  to  suppress  metastasis  in  animal  models,  further  studies  will  be  needed  to 


determine  whether  this  is  the  only  gene  involved  at  that  location. 
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A  human  breast  cancer  metastasis  suppressor  gene  encoded  on  chromosome  1  Iql3.1-ql3.2. 

Introduction  of  normal  human  chromosome  1 1  reduces  the  metastatic  capacity  of  MDA-MB-435 
human  breast  carcinoma  cells  without  affecting  tumorigenicity  [Phillips  et  al.  (1996)  Cancer 
Res.  56:  1222-7].  This  suggests  the  presence  of  a  metastasis  suppressor  genes  on  human 
chromosome  11.  Differential  display  was  done  to  identify  mRNAs  with  increased  expression  in 
neol  1/435  hybrids  compared  with  their  metastatic  counterparts.  Six  cDNA  fragments  were 
consistently  differentially  expressed  in  replicate  amplifications  and  RNA  analyses  at  levels  at 
least  5-fold  greater  in  metastasis-suppressed  neol  1/435  hybrids.  Three  of  the  six  candidates  were 
homologous  to  known  cDNAs.  The  remaining  three  had  minimal  homology  to  known  sequences 
or  ESTs.  We  isolated  a  full-length  cDNA  for  one  of  the  novel  genes,  designated  (Breast- 

cancer  Metastasis  Suppressor  1),  which  maps  to  human  chromosome  1  Iql3.1-ql3.2  by 
fluorescence  in  situ  hybridization.  BRMSl -transiected  human  breast  carcinoma  cell  lines  MDA- 
MB-435  and  MDA-MB-231  formed  significantly  fewer  metastases  in  athymic  mice  than  parental 
or  vector-only  controls  in  an  expression-dependent  manner.  Like  the  neol  1/435  hybrids,  BRMSl 
transfectants  remain  tumorigenic.  These  results  provide  functional  evidence  that  BRMSl  is  a 
metastasis-suppressor.  BRMSl  predicted  protein  sequence  contains  regions  with  homology  to 
DNA  binding  domains,  coiled-coil,  leucine  zipper,  nuclear  localization  and  some  consensus 
phosphorylation  sites.  These  homologies  suggest  that  BRMSl  may  function  in  a  signaling 
cascade  as  a  transcription  factor.  The  mechanism  by  which  BRMSl  suppresses  metastasis  is  not 
fully  elucidated,  but  does  not  involve  upregulation  of  Nm23-Hl,  KiSSl  or  KAIl  metastasis- 
suppressor  genes. 

Support:  U.S.  Army  Medical  Research  and  Materiel  Command  DAMD-96-1-6152;  ROl- 
CA62168;  National  Foundation  for  Cancer  Research  and  the  Jake  Gittlen  Memorial  Golf 
Tournament. 
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BrMSl  -  a  human  breast  carcinoma  metastasis-suppressor  gene. 

Samant,  R.S.,  Seraj,  M.J.,  Meehan,  W.J.,  Harms,  J.F.,  Leonard,  T.O.,  Shevde,  L.A.,  Sakamaki, 
T.,  Winter,  C.R.,  Verderame,  M.F.,  and  Welch,  D.R. 

Microcell-mediated  introduction  of  chromosome  11  suppresses  MDA-MB-435  (435)  metastasis 
without  affecting  tumorigenicity,  suggesting  presence  of  a  metastasis  suppressor  gene. 
Differential  display  comparing  435  with  neol  1/435  identified  six  putative  cDNAs  with  <gt>5 
fold  higher  expression  in  the  latter.  One  novel,  differentially  expressed  gene,  BRMSl,  mapped  to 
human  chromosome  1  Iql3.1-ql3.2  by  FISH.  BRMSJ-  transfected  435  and  MDA-MB-231  were 
suppressed  for  metastasis  but  not  tumorigenicity.  Epitope-tagged  BRMSl  localizes  to  the 
nucleus  by  fluorescence  microscopy  and  cellular  fractionation.  Presence  of  coiled  coil  and 
leucine  zipper  motifs  suggest  involvement  in  transcription,  yet  Nm23,  E-Cad,  Kail  and  KiSSl 
metastasis-suppressor  gene  expression  is  not  upregulated  in  transfectants.  These  results  provide 
functional  evidence  for  a  breast  cancer  metastasis  suppressor,  BRMSl,  encoded  on  chromosome 
1 1  in  a  region  frequently  altered  in  late  stage  human  breast  carcinoma.  Support:  DAMD 17-96- 
6152,  CA62168,  Natl.  Fndn.  Cancer  Res. 
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GENOMIC  ORGANIZATION  AND  CHROMOSOMAL  LOCALIZATION  OF 
THE  BREAST  METASTASIS  SUPPRESSOR  GENE  [BRMSl]  R.S. 

Samant;  M.T.  Debies,  M.J.  Sera j ,  M.F.  Verderame,  D.R. 
Welch.  Jake  Gittlen  Cancer  Research  Inst.,  Penn  State 
College  of  Medicine,  Hershey,  PA  17033. 

We  recently  cloned  a  novel  metastasis  suppressor 
gene  (BRMSl)  by  differential  display  comparing  the 
metastatic  breast  carcinoma  cell  line  MDA-MB-435  to 
metastasis  suppressed  human  chromosome  11  hybrids  with 
MDA-MB-435.  A  BAC  clone  [412 (n24)]  was  confirmed  to 
encode  the  entire  BRMSl  gene.  Fluorescence  in  situ 
hybridization  using  412 (n24)  as  a  probe  revealed  that 
BRMSl  maps  to  chromosome  llql3 . l-ql3 .2 .  Detailed 
analysis  of  BRMSl  genomic  DNA  using  overlapping 
subclones  and  PCR  shows  that  the  gene  spans  over  lOkb 
and  is  organized  into  10  exons  and  9  introns.  Exon  1 
is  untranslated.  The  region  5'  of  exonl  was 
characterized  for  regulatoiry  promoter  elements  and 
showed  presence  of  potential  binding  sites  for  SPl, 
AP-2  and  c-Myb.  We  observed  that  the  5'  region  also 
includes  another  gene  iGnT,  (i-^-l, 3-N-acetylglucos- 
aminyltransferase) [Sasaki  et  al.,(1997)  PNAS, 
94:14294],  which  is  oriented  head  to  tail.  Taken 
together,  these  results  suggest  the  possibility  that, 
iGnT  and  BRMSl  transcriptional  controls  may  be  linked. 
Support:  DAMD17-96-6152,  CA62168,  Natl.  Fndn.  Cancer 
Res. 


Metastatic  breast  carcinoma  correlates  with  a  breakdown  in  gap  junction  function  and  expression 
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Gap  junctional  intercellular  communication  (GJIC)  is  believed  to  play  a  role  in  the  growth  and  maintenance  of 
normal  cell  function.  While  breakdown  of  GJIC  has  been  previously  linked  to  tumorigenesis,  its  role  in  metastasis 
has  not  been  clearly  defined.  In  this  study  we  examined  heterotypic  GJIC  function  and  expression  using  the  highly 
metastatic  MDA-MB-435  (435),  a  transfected  clone  containing  the  metastasis-suppressor  gene,  BrMS  1 
(435/BrMSl)  and  a  vector  contt-ol  (435pVC).  The  435  and  435/BrMSl  cell  lines  while  exhibiting  markedly 
Afferent  levels  of  metastatic  potential  are  equally  tumorigenic  and  we  have  previously  shown  that  the  435  cell  line 
is  not  homotypically  coupled  while  the  435/BrMS  1  line  is  highly  coupled.  To  investigate  heterotypic  GJIC  we  used 
fluorescent  dye  assays  to  examine  coupling  between  the  various  combinations  of  tumorigenic  cell  lines,  as  well  as 
their  ability  to  communicate  with  a  breast  tissue  cell  line  (Hs578Bst).  Connexin  (Cx)  43,  45  and  46  mRNA  and 
protein  expression  were  quantified  using  RT-PCR  and  Western  blot  analysis.  From  functional  dye  experiments,  we 
found  that  none  of  the  tumorigenic  cell  lines  were  able  to  communicate  with  each  other.  The  435  and  435pVC  also 
did  not  communicate  with  the  Hs578Bst  cell  line  while  the  435/BrMSl  was  highly  coupled  to  these  normal  breast 
tissue  cells.  Hs578Bst  hi^ly  expressed  Cx  43  mRNA  and  protein,  whereas  none  of  the  tumorigaiic  cell  lines, 
regardless  of  metastatic  potential  expressed  mRNA  or  protein  for  Cx  43, 45  or  46.  Taken  in  total  with  our  previous 
findings,  this  work  supports  the  hypothesis  that  breakdown  in  gap  junction  function  or  expression  is  important  not 
only  for  maintenance  of  a  malignant  phenotype  in  tumorigenesis,  but  that  the  restoration  of  homotypic  and 
heterotypic  GJIC  via  the  introduction  of  a  breast  metastasis-suppressor  gene  into  a  highly  metastatic  cell  line 
significantly  reduces  metastasis. 


